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I     INTRODUCTION AND  SUMMARY 

The Army Materials  and Mechanics Research Center   (AMMRC)   is studying 

several types of armor penetration problems including penetration with 

rods and very high velocity pellets.    A basic element  in the study is 

a computer code  (HEMP ),  which simulates the two-dimensional axisymmetric 

wave propagation in a penetration experiment.     Present day two-dimensional 

Lagrangian wave propagation computer codes such as HEMP represent the 

gross plasticity aspects  very well,  and yield satisfactory predictions 

for cases where fracturing of the armor plate is not  a significant part 

of the penetration process.    The predictions  are less  satisfactory 

however,   for cases where microcracking and shear banding dominate.    The 

latter mechanisms become more Important with increasing armor plate 

hardness and  increasing projectile hardness and velocity,   and are 

enhanced by certain projectile geometries.    Thus it  appeared  necessary 

to account for fracture in a more detailed way. 

The overall objective of the program reported here was to impro/e 

the predictive capability of HEMP for penetration calculations by 

incorporating into it  recently developed dynamic fracture models,  the 

SRI NAG (Nucleation And  Growth)  models.    These models  for brittle and 
2-7 

ductile fracture        provide for the nucleation of cracks or voids, 

growth of these flaws during the period of tensile  loading,   and the 

reduction of stress  and  strength associated with the developing damage. 

The models appeared to be appropriate for handling the penetration 

problem,  but they were available only In a one-dimensional form.    There- 

fore,  two of the specific objectives of the study were:   (1)  to modify 

the brittle and ductile fracture models so that they  could handle two- 

dimensional flow and   (2)  to incorporate these models  into subroutines 

for use with the HEMP code. 

To be able to use  a fracture model one must know the fracture 

parameters appropriate to materials of  interest.    Fracture parameters 
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for the SRI  models  were available only  for OFHC  copper,   1145 aluminum, 

Lexan polycarbonate   (a  transparent  plastic),   and   several  grades  of 

beryllium.     Therefore,   a  third objective of the  study was   (3)   to  conduct 

impact experiments   in an armor steel  and derive  the  fracture parameters. 

Included  in this objective was the metallographic  examination of   the 

targets to guide in derivation of  the fracture  models. 

During this program the above objectives were  largely met.     The 

fracture models were  developed  and  incorporated  into HEMP in several 

stages.     First the  one-dimensional models were simply  altered  to  account 

for two-dimensional   flow.     For brittle  fracture  this  required constructing 

a new description of   the crack size and  orientation distributions.   An 

armor steel,  XAR30,   was  selected for characteri. ation.     lapered-fIyer 

impacts were conducted  to determine  the coiifressive,   tensile,   and   fracture 

behavior.     Rod  impact  experiments were conducted   to  study  the penetration 

behavior.     Posttest   metallographic examination was  made  of the soctioiied 

targets to determine qualitatively  the nature of   the  fracture damage. 

For the tapered-fIyer  impacts  the cracks were also  analyzed quantitatively 

to determine the size  and orientation distribution of cracks.     From these 

distributions the  fracture parameters wero obtained  for the XAR30  armor 

steel,   (Table V).     The models were then implemented  and  tested  in a 

SRI  two-dimensional   code similar to HEMP and used   to simulate successfully 

some  impact problems   (Figure 24-27).     Finally,   the  models were modified 

to account  for higher levels of damage.     The models were then delivered 

to Mr.  John Mescall  of  AMMRC for insertion into  the  HEMP code.     At  tha 

time of writing of   this  report,   the    models for ductile and brittle fracture 

have been incorporated  into HEMP,  and test calculations have been 

performed. 

The remainder  of this  report  is  organized in  the  following way. 

In Section II the  fracture model  in two space dimensions  is developed 

and described both  for brittle  and ductile fracture  modes.     In Section III 

10 
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the experimental work is described,   and in Section IV we present 

computational simulation  (with the developed fracture model)  of  three 

two-dimensional impact experiments.     Finally,  in Section V a summary is 

given of  the results of the program.     In addition,  six  appendices provide 

additional details concerning the computational model and the experiments 

performed. 

i 
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II     MODELS FOR BRITTLE AND DUCTILE FRACTURE 
IN TWO SPACE DIMENSIONS 

A.       Introduction 

Computational models describing brittle and ductile fracture were 

modified to include two-dimensional   (planar or axisymmetric)  behavior 

and were applied to some two-dimensiond wave propagation problems. 

In these computational  models  for fracture, damage   occurs  as the 

nucleation and growth of  small voids  (ductile fracture)  or microcracks 

(brittle fracture).     Nucleation may occur physically by widening of 

inherent flaws in the material,   cracking of hard inclusions,   separating 

along grain boundaries,   or by other mechanisms.     In the  model,   however, 

nucleation means the appearance  of the void or crack of an observable 

and easily identifiable  size on photomicrographs at  a  scale of   about 100X. 

This nucleation occurs  in the model as a function of stress and  stress 

duration.    Following nucleation,   the voids or cracks grow at   a  rate that 

is dependent on the stress level,  duration of  loading,   and the  size of 

the void or crack.     The model  also accounts for the stress reduction 

that  accompanies the development  of damage. 

The models developed in this work were for incipient damage and not 

for full separation.    The brittle fracture model has been extended to 
8 

full separation on a concurrent  project.       In this extended model the 

microcracks coalesce and  form fragments.     The ductile fracture model had 

been previously verified for damage resulting in 10% porosity  but not 

for greater damage.    During this effort the program was modified to extend 

the model to full separation,  but that extension has not yet  been verified 

by correlation with experiment. 

The two computational models of fracture  are implemented  in subroutines 

that may readily be inserted into two-dimensional Lagrangian wave propa- 

gation computer codes.     While the material is  undergoing fracture,  these 

subroutines are called instead of the usual equation-of-state  subroutines. 

12 
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The analytical basis for the two models is presented below.  These 

2-4 
analyses are somewhat different from those presented earlier   because 

of the extension to higher damage. Details of the computational pro- 

cedures used are given in Appendix A,  Implementation of the models into 

a computer program is described in Appendix B. 

B.  Ductile Fracture 

The ductile fracture model was formulated on the basis of observations 

2 3 
of ductile fracture in soft aluminum and copper.  These observations, 

which were made on polished cross sections of targets after impact, showed 

that the fracture occurred by the nucleation and growth of nearly spherical 

voids.  The observed voids were measured and counted and assembled into 

number-versus-radius size distributions.  These surface distributions were 

2 
then transformed statistically to volumetric distributions with the BABS1 

computer program. A sample set of void size distributions is shown In 

Figure 1. Curves are given for four depths within the sample; the maximum 

damage is at the plane F01. All the volumetric distributions obtained 

with aluminum and copper had a form that could be approximated by the 

equation 

N (R) = N exp (-R/R ) 
go        1 

(1) 

where N is the cumulative number/cm of voids with radii larger than R, 
g 

N    is  the total number of voids per cubic centimeter,   and R    is  a parameter 

of the distribution. 

The total void volume is obtained by Integrating over the entire 

distribution. 

dR 471 f     3 dN 
/    = — I    R    — 
v      3    I dR 

o 

exp   (-R/R  )dR (2) 

»   8TN     R 
o    1 
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FIGURE 1 OBSERVED VOLUME DISTRIBUTION OF VOIDS 
ON THE FREE SURFACE SIDE OF THE SPALL 
PLANE IN AN OFHC COPPER TARGET AFTER 
A ONE-DIMENSIONAL IMPACT:  EXPERIMENT 824 
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The void   size distribution at any time  and  at any point can be represented 

by N    and  either R    or V  .     For computational purposes N    and  V    are 
o 1 v o v 

selected. 

1.   Nucleation: Nucleation in the model occurs as the addition of 

new voids to the existing set.  These new voids are presumed to occur in 

a range of sizes with a size distribution given by Eq. (1).  At nucleation, 

the parameter R equals R , the nucleation size parameter (a material 

constant).  The number of voids nucleated is governed by a nucleation 

rate function that was derived from our work in both ductile and brittle 

materials. 

P - P 

N = N exp (  
o      P. 

= 0 

no 
) P > P 

no 
(3) 

P < P 
no 

where N   ,   P     ,  and P    are material constants,  and P is the tensile pressure, 
o       no 1 

The constant P      is the threshold for  nucleation. 
no 

The  void volume nucleated in a time interval    ^t is  found  from 

Eqs.   (2)   and   (3)  to be 

3 
AV    = 8ff N At  R 

n n 
(4) 

2.     Growth:   In the model,   damage  Increases by nucleation of  new 

voids and by growth of  the existing voids.     In our studies of  aluminum 

and  copper  it was found that growth was  linearly dependent on the pressure 

level  and current void  size so that the growth rate R is 

P - P 
go 

(5) 
471 

where P is the tensile pressure;   P      is the threshold pressure for 
go 

growth,   and Tl is the material  viscosity.     This is the usual  form for a 

growth law in a viscous material with no strength.     In Reference 3  it 

is shown that Eq.   (5)   is accurate for small voids,  but  for larger radii, 

15 / 



inertial  effects reduce the velocity below that given by Eq.   (5).     The 

growth represented by Eq.   (5)   is spherically symmetric because  the void 

expands  equally  in all directions.     In Reference 3   it was  shown   that Eq,   (5) 

is  an appropriate description of  void  growth in material with strength 

undergoing one-dimensional planar  flow as  well  as  for spherical   flow.     The 

results  of calculations described  in Appendix C show that  the same growth 

law also holds  for conditions  of high shear strain. 

The growth of a void during a  time  interval At is obtained  by 

integrating Eq.   (5)   to obtain the  new radius R, 

'P - P 
R = R    exp 

o 
go 

4T1 
At 
) 

(6) 

where R    is  the  radius at  the beginning of the time Interval.     Since every 
o 

void  in the distribution grows by  the same exponential  factor,   the size 

parameter R    also grows according to Eq.   (6). 

R     exp 
10 i^y (7) 

where R      is  the size parameter at  the beginning of the time interval. 

Then the new void volume can also be found from Eqs.   (2)  and  (7), 

V    = 8flN R 
v o 1 

= V     exp 
vo V   4W 

At (8) 

where V      =  BtlN R    ,  the void  volume at  the beginning of the time interval, 
vo o 10 

The total change in void  volume is the sum of the contributions 

associated with nucleatlon and growth.    Thus the total volume at  the end 

of  the Interval  Is 

V ,= V     exp 
vl        vo fvS + AV (9) 
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For simplicity in the computer calculations, a new variable T is 

introduced with the definition 

3 
T = — (10) 
1  4T| 

3.       Pressure-Volume Relation:     The stress-strain relations for 

material  undergoing fracture account  for the presence of voids.     As 

usual,  the stress is separated into pressure and devlatoric components. 

The deviatoric stress-strain relations are described in the following 

subsection. 

The pressure is related to the specific volume and internal  energy 

through a combination of the Mie-Griineisen equation of state for the 

solid and  a  relation between pressure in the solid and  average pressure 

on the porous material.    We assume that an  average pressure in the solid 

material can be computed from the specific  volume of the solid and the 

Internal energy through use of the Mie-Grilnelsen equation: 

2        3 ru 
P   = (CM, + Dp,    + Sp, )  (1 - -=0 + rp E 

s 2 s (11) 

where C, D,   and S are constants,  f is the Grlineisen ratio, E is internal 

energy,   n    is the solid density,   and M- is  the strain: u, = p /p    - 1,  where 
s so 

p is the initial density of the solid. Here we neglect all nonlinear 

terms in p, because the solid strains and stresses are all small during 

fracture,  and obtain 

Pc 

■•(?-) + rp E 
s 

(12) 

The pressure computed from Eq.   (12)  is necessarily an average because the 

actual  stress  states will vary greatly through partially fractured  material. 

The average pressure on the gross  section of the fracturing material 

can now be related to the pressure in the solid components according to 
9 

a relation derived by Carroll and Holt    for porous material: 

17 



p = 
P V 
s  s 

(13) 

where P is the average pressure on a  section,  V    is the specific volume 
s 

of the solid, and V is the gross specific volume.  The volume V is the 

sum of the solid volume V and the volume V associated with voids.  A 
s v 

combination of EqF.(12)  and   (13)  serves  to evaluate the pressure: 

ft 

p = c (— - — i + rpE (14) 

These equations may also be  inverted  to obtain expressions for the 

specific  volume of the solid in terms  of P    or P 
s 

V = 
s 

1 ££ 

P 
s 1 + r 

(15) 

SQ        Cp      c 
o 

(16) 

The change in solid volume AV is related approximately to the change 
s 

in solid pressure AP by differentiation of Eq. (15) 
s 

FAE - V AP 
so s 

AV = V     
s   so C/p + TE 

(17) 

where V   is the specific volume of the solid at the previous time step 
so 

and AE is the change in internal energy during the time step. 

4.  Deviator Stress Computation in Two Dimensions; The deviator 

stresses are first computed elastically. 

a'    = a'      + 2G 
^iJ  aiJo (*u - VSXi) (18) 

where G is shear modulus, Af . is the strain increment tensor, and 

18 



ß  is the Kronecker delta. In the fracture routines all stresses 
ij 
(and pressures) are positive in compression.  It is noted here that in 

HEMP, BFRACT, and DFRACT, 

and 

TXY = cy' 
12 

EXY = f   + f 
*12  *21 

= 2f 12 

If yielding occurs, then the deviator stresses are computed by the 

visco-plastic relation 

df i a* o _"r 

ij J  p 'y    dt 3   Z-^   dt 
ay 

(19) 

and where dg-       is the   ij  component of the plastic  strain increment 

dy    is  the scalar  "effective" plastic strain increment.    Equation  (19) 
1 

is solved for  the deviator stresses by  using Wilkins'  procedure    to 

handle the firwt   term on the right  side.     Then 

^u = 3 ^ ij+ 2M dt     3 Z^ d 
ii 

dt 
(20) 

where Q'      = deviator stress from Eq.   (18)   and 

-E 
O WfVi^77! 2 /   2 2 2 

'12 '23 13 

The damage  that occurs is presumed to affect both the yield  strength 

and the effective  shear modulus of the material.     The modulus is  reduced 

as a function of  the developing porosity in accordance with the elastic 
10 

relations of MacKenzle, 

is 

His formulation,   In the present nomenclature. 

G =  G     PI  - V QF] 
o  ' vK   J (21) 
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where G is the effective shear modulus, G  and C are shear and bulk 
o 

moduli of the solid, V is the specific volume of voids, p is the gross 

density, and 

F = 5 

/ac + 4G \ 

 2  =15^^- 
\ 9C + 8G /      (7 - 5y) 

(22) 

where y is   Poisson's  ratio. 

The factor F varies only from 2.14 to 1.66 as y ranges from o to 0.5. 

In the fracture subroutine F is called SMF and is inserted with a value 

of  1.88 corresponding to y =  1/3. 

The yield strength reduces  somewhat  more rapidly than the modulus 

as  the porosity  increases.     Dynamic  calculations of void growth by Seaman 
3 

et  al.     indicated  that the yield  strength   should reduce  in the following 

way. 

Y  = Y  [1  - 4V pi (23) 
o"- v   •' 

This  expression  is  used in the fracture subroutine. 

C.       Brittle Fracture 
* 

The brittle    fracture model was  formulated on  the basis of observations 
3,4 4 6   , 

of  fracture in Armco iron, beryllium,     novaculite    (a fine-grained quartz), 
5 

and  Lexan polycarbonate    (a transparent plastic).     In impact experiments 

with these materials,   fracture occurred by  the nucleation and growth of 

microcracks.     These cracks were mernured  for length and  angular orientation 

with respect  to the direction of  loading.     The observed cracks were then 

organized  into groups according to size interval and angle interval. 

These surface distributions were then transformed statistically to 
3 

volumetric distributions in size and  angle with the BABS2    computer 

program.     For this transformation it was  assumed that the cracks were 

penny-shaped  and that the distribution was   axisymmetric  around the 

direction of propagation.     A sample set of  crack distributions is  shown 

*    Fracture was termed brittle whenever the primary damage mode 
appeared  as cracks.     In many cases,  such as Armco iron,  the cracks 
grew in what  is often termed a  "ductile" manner. 
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in Figure 2.  Here the angular variation has been suppressed, so the 

ordinate is the total number of cracks larger than the Indicated radius. 

The volumetric distributions obtained with Armee iron had the same 

exponential form found for voids.  In addition to a size distribution, 

it was necessary to consider an orientation distribution. Furthermore, 

as the material rotates (as it does at the rear ef a plate under projectile 

impact) the cracks rotate with the material. 

Considering the requirements for size and orientation distributions 

and for permitting rotation, the fracture model was constructed with an 

array of crack orientations or "bins" associated with each computational 

cell. Each crack bin contains penny-shaped craeks with a specific 

orientation and with a specific size distribution. 

The size distribution for each bin in the model is given the 

following analytical form 

N    =  N    exp  (-R/R ) 
go 1 

(24) 

th 
where N    is the total  number of cracks  per cubic  centimeter in the i 

o 
bin,  N    is the number of cracks with radii  greater than R,  and R    is  a 

g 1    th 
constant giving the shape of the crack size distribution in the      i      bin. 

Each bin contains crack» normal to a specific  angle    cp  (in the x, 

y plane)   and 0  (in planes normal to the x,y plane)   as shown in Figure 3. 
o        o        o o 

At present only four values of cp (0  ,  45  ,  90  ,   135 )  and two of 
o        o 

0 (0  ,  90 )  are used.     For example, bin 1 contains all cracks with $ 
o o o o 

between -22.5    and  22.5    and 0 between 45    and  135  .    Note that cracks 
o o 

with cp between 157.5    and 202.5    are included in this bin.    Bin 5 contains 
o o 

all cracks with 0 less than 45    or greater than 135  .    In the model 

calculations  the cracks are treated as though they  all had orientations 
o o 

corresponding to the center of the bin  (cp =  0 ,  fh = 90    for bin 1, 
o 

0=0    for bin 5,   and so on.)    Experience will show whether five is a 

large enough number of bins. 

\ 
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FIGURE 2      CRACK SIZE DISTRIBUTION IN ZONES NEAR THE 
SPALL PLANE IN AN ARMCO IRON TARGET AFTER 
A ONE-DIMENSIONAL IMPACT:    EXPERIMENT S25 
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FIGURE 3      CRACK ORIENTATION BINS AND DEFINITIONS OF 0 AND 4> 
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In two-dimensional axisymmetric or planar flow, the cells may rotate 

in the x-y plane.  This rotation is accounted for by allowing the crack 

bins to rotate with the material.  The angular rotation is given by the 

th 
variable p .  The position of the i  bin in the x-y plane is then given 

by 

CD. = CD.  + P^ (25) 1    10    t 

where $    is the current  angular position and cp       its  initial position. 

At  the end of  a computation p     is  listed so that  the bin orientations 

can be related to the  fixed x-y grid.     The crack bin rotation  is independent 

of  the initial orientation of  the computational cell  and   of rotations that 

the cell  undergoes before  fracture begins. 

The  stresses  applied  normal  to the cracks  in each bin  are determined 

by  the usual  transformations  for two-dimensional problems.  The  stress in 

the Z direction is always   a principal  stress.    These normal stresses, 

which govern nucleation,   growth,   and expansion of the cracks are 

0 , '- ccip 

ax 
+ (T 

y 
2 

a 
X 

+ — 
- o 

y 
2 

ff# = 
:(7z 

(for 11) = 0°) 

cos  2m    + r      sln 2m     (for W) = 90  ) (26) 
■1        xy Ti f 

(27) 

If the cell rotates by an  angle p     (positive counterclockwise),  then the 
o 

angle to the crack group becomes cp      + p    for the set of  groups at )/) = 90  . 
lo   t 

Then Eq. (26) is used, with cp determined by Eq. (25). 

The cracks are presumed to open elastically to the value given by 
11 

Sneddon 

where 5 is one-half the maximum separation of the crack faces and E Is 

Young's modulus.  The crack faces form an ellipsoid with three semi-axes 

Ö, R, and R.  Then the volume of a crack is 
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1c 
16(1   - V  )  „3 
    K or 

3E cp0 
(29) 

The volume of  the entire crack distribution is obtained by combining 

Eqs.   (24)  and   (29)   into the  following Integral: 

v = Evl = Z f vi< 
dPN    exp  (-R/R )ldR L o 1 

dR 

32(1   - V :> z *i <«;)-« 3   i 
(30) 

1.  Crack Nucleation: Nucleation in the model occurs as the addition 

of new cracks to the existing set.  These new cracks are presumed to occur 

in a range of sizes with a size distribution like Eq. (24). At nucleation, 

the parameter R equals R , the nucleation size parameter (a material 
1        n 

constant). The number of cracks nucleated is governed by a nucleation 

rate function similar to that used for ductile fracture: 

- a 
N = N exp 

o 
(faCfno) 

(31) 

where N , a     »   and a    are  fracture parameters and cr      is  stress  normal 
o      no 1 co$ 

to the plane of the cracks.    This  form of nucleation function resembles 
12 

the relation deduced by Zhurkov      for the rate of breakage of  atomic bonds. 

We have found It applicable to ductile materials  and also to such diverse 
3 ♦ 5 

brittle materials as Armco iron,     beryllium,     polycarbonate,     and a three- 
13 

directionally reinforced quartz phenolic composite. The new cracks are 

* 4 
In beryllium    it was  found that  the deviator stress governs nucleation 
and  not the stress cr     • 
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nucleated with a range of sizes such that the number greater than R Is 

1   i 
AN = N At exp (-R/R ) (32) 
^ g o 

• i th 
where N At Is the total number nucleated in the i  bin, R is the 

o 
nucleation distribution parameter, and At is the time step. The volume 

of the entire nucleated distribution is obtained by combining Eqs. (30) 

and   (32). 

i     ^o 

dfN ^t  exp  (-R/R )]dr 
,       2— 
1c dr 

32(1 - V2)  &t  R3 
(33) 

^Zsl < cpjfi 

If the material is  Isotropie and under a uniform tensile stress, 

nucleation of cracks occurs with equal probability in any direction. 

In such a case the number of cracks assigned to each bin is proportional 

to the solid  angle subtended by the bin.    The fraction of the total solid 

angle for each bin is called FNUC in the fracture subroutine:  it is now 

set  for Isotropie nucleation.     If the material is not  Isotropie,  FNUC 

can be altered to reflect  the observed flaw orientations. 

2.      Crack Growth;    The growth law derived from experimental data 
4 

on both ductile and brittle fracture is: 

— = T    (a - a    )R dt 1 go 
(34) 

where T,  is a growth coefficient and a      is the growth threshold stress, 
1 go 

Here Q      is treated as a constant material parameter, but in some cases 
go 

it has been taken as the critical stress for crack growth according to 

fracture mechanics 

* 
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* ir r     =     — K 
go 4R    Ic 

(35) 

where K      is the fracture toughness.       Since a      is generally very  small 
Ic go 

for impact problems, a      in Eq.   (34)   can usually be taken as  a small 
go 

constant. 

When Eq.   (34)  is integrated over a time step ^t   (holding a      constant), 
go 

the final value of the radius is 

R = R   exp [T to    - (7     )At] 
1 1    (p^)      go 

(36) 

where R is the radius at the beginning of the interval and a      is the 
1 cp^) 

average stress in the interval.  When Eq. (30) is combined with Eq. (36) 

the crack volume associated with growth at the end of the time step is 

found to be 

V1 = 32Ni (1^-) (KV a1, exp fST (ff1, - 0    )At] 
g    o   E     I       ytj) 1 cp0   go 

(37) 

th 
The total number of cracks in the 1  bin at the end of the time step is 

(38) 
i   i   -i 

N = N + N At 
1   o    " 

The total volume V    may be represented  as the sum    of V    and V    from 
t n g 

Eqs.   (33)   and  (37),  or the combination of cracks may be described by  a 

single analytical form with N    cracks  and a new shape parameter R 

or 

ill 
V    = V   + V 
t        n        g 

1 i    (1 - i; )      i 3 i 
V    = 32 N   .    —     (R) a 
t IE 2      cp« 

(39) 

(40) 
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i i 
Equating  the two expressions  for V    provides  a  means  for evaluating R   , 

the distribution parameter appropriate to the end of the time  step. 

1     13 ._     .-i ,        .1 3 
,   „      N  (K )     exp  [3T  (Q      - a    ) &t] + N fit R 
lv3ol Icpjügo o 

'R2' - 

(41) 

Now the damage at  the end of  the time step can be completely characterized 

by two parameters,  N    and  R   ,   obtained  from Eqs.   (38)   to  (41). 

3. Stress-Strain Relations:   The  stress-strain relations  for material 

undergoing brittle fracture are  the same as those for ductile fracture. 

The void  volume is replaced by the crack opening volume  in the equations. 

Because the crack opening volume is small,  the usual  stress-strain relations 

are modified very little by the damage. 

For the stress calculation,   the damage is  treated  as if  it were 

Isotropie.     Future modifications may be made to account for the anistropic 

nature of  the damage. 

4. Implementation in the Computer Program;  The foregoing analyses 

set forth the basic equations describing nucleation and growth of voids 

and cracks,  and the damage-caused modifications of the stress-strain 

relations.     These equations  are used directly in the computer subroutines. 

Further derivations required  for the numerical  procedures in  the subroutine 

are described in Appendix A.     The subroutine and  test cases  for it  are 

given in Appendix B. 
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III     EXPERIMENTAL  INVESTIGATION 

The purpose of the experimental program was to examine qualitatively 

and quantitatively the nature of  fracture in one armor steel.    The steel 

selected was a high-hardness armor steel designated XAR30.    The dynamic 

experiments were tapered-fIyer Impacts and long rod penetration tests. 

The tapered-flyer Impacts were conducted to determine both the 

Hugoniot  (stress-strain character under compression) and the fracture 

(NAG)  parameters in tension.    These Impacts were instrumented with stress 

gages at the rear of the target to obtain the needed Hugoniot data.     The 

targets were sectioned,  and the crack size and orientation distributions 

were measured;   from these distributions the NAG fracture parameters were 

obtained. 

Long  rod penetration tests were conducted to provide both qualitative 

guidance in developing the two-dimensional fracture model and a test 

case for future computer simulation.     Besides tests on XAR30 targets, 

penetration tests were also made with 1145 aluminum and Armco iron,   two 

materials whose fracture behavior was already well characterized.    The 

aluminum and Armco iron tests are described In Appendix D. 

For further insight into the basic mechanisms associated    with 

penetration,   posttest observations were made on targets of an Improved 

homogeneous steel  (IHS) following penetration experiments.    These results 

are described  in Appendix E.    The micromechanlcs of the fracture behavior 

of the XAR30 and IHS steels and Armco Iron are compared in Appendix F. 

A.     Materials 

W«ii-hardness armor steel made by Great Lakes Steel Company and 

United States Steel Company and designated as XAR30 was used in this 
14 

work.    The chemical compositions reported by Hickey      are given in 

Table I,   and tensile properties are given in Table II.    The microstructures 
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Table   II 

TENSILE PROPERTIES  OF XAR30  ARMOR  STEEL 

0.2% Yield Tensile Reduction 

Supplier and Strength Strength Elongation in Area 

Orientation (ksi) (ksi) (%) (%) 

Great Lakes Steel 

Longitudinal 208 262 14.5 49.8 

Long transverse 216 253 10.5 39.8 

Short transverse* 211 261 10.0 12.5 

U.S. Steel 

Longitudinal 201 231 11.5 47.8 

Long transverse 204 241 11.0 44.0 

* Short transverse properties are the average of three tests performed 
at SRI and described more fully in Appendix E. All other values are 
the average of two tests performed by Hickey.^ 
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of  both materials  appear to be a mixture  of  martensite,   bainite,   and 

retained austenlte.     Fracture toughness testing by Hickey indicated 

that the United States Steel material was slightly tougher than the 

Great Lakes Steel material. 

The Vlckers hardness of the material was measured to be 545  (corre- 

sponding to    R 52 and BUN 509) and differed by less than 3% on three 
c 

mutually perpendicular faces.    Small unconventional tensile specimens 

were prepared from the half-lnjh plates  In  the plate thickness direction, 

and the short   transverse tensile properties were measured.    The results 

are summarized  In Table II  and described In more detail  In Appendix E. 

The strengths and elongations ar<3 essentially the same In all three 

directions  in the steel,   but the reduction in area at failure is much 

smaller in the short  transverse tests. 

B.     Flat  Plate,  Tapered-Flyer Impact  Expferiments 

Five flat  plate impact experiments were performed with ine gas gun 

to establish the dynamic fracture behavior of XAR30 armor steel.    The 

experimental configurations are given in Table  III.    The objective of 

the first two experiments was to measure the load history;  the objective 

of the remaining three experiments was to produce different degrees of 

fracture damage that could later be quantified.     As discussed  in 

Section  IV,   the measured load histories are correlated with the fracture 

damage to obtain parameters that describe the dynamic fracture behavior. 

The expurlmental arrangement  is shown in Figure 4.     Specimen disks 

1.5 inches in diameter were machined to various thicknesses  (see Table III) 

and mounted in the target plate.    The edges were beveled at an 8 degree 

angle to allow  the specimen to release easily from the target plate 

upon impact and fly into the rags of the catcher tank. 

Tapered flyer plates 2\  inches in diameter and having an average 

thickness half  that of the specimen were machined from the same material 
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CATCHER BOX 
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/////////////////.^//TTTTT 
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TAPERED FLYER 
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SPECIMEN TILT PINS RAGS 
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FIGURE 4      EXPERIMENTAL ARRANGEMENT FOR TAPERED-FLYER 
IMPACT EXPERIMENTS 

; 
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Table  III 

DYNAMIC FRACTURE  EXPERIMENTS ON XAR30 ARMOR STEEL 

Flyer 
Experiment Specimen Thickness Angle Flyer 

Number Thickness at Center of Taper Velocity Remarks 
(mm) (mm) (deg) (mm/iisec) 

2024-1* 7.62 3.81 5.7° 0.451 Full  spall; 
clear gage 
record 

2024-2* 10.1 4.44 5.7 0.357 Large con- 
tinuous 
fracture; 
clear gage 
record 

2024-3 5.08 2.24 5.7° 0.226 Numerous 
micro- 
fractures 

2024-4 12.1 5.58 6.84° 0.200 Numerous 
micro- 
fractures 

2024-5 2.54 1.12 2.3° 0.259 Numerous 
micro- 
fractures 

*  Instrumented with back surface ytterbium piezoresistive stress 
transducers. 
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and mounted on  the  front  of a 6-inch-long aluminum projectile.     The 

angle of taper varied  for different experiments  from 2.3 to 6.8 degrees 

as  shown  in Table   III.     The  impacting surfaces v.ere ground flat  and 

parallel  to within 0.0005  inch. 

The projectile was  accelerated down the  barrel  of  the gas gun upon 

sudden release of  compressed helium,   and careful alignment of  the  flyer 

plate and specimen  resulted  in flat  plate  Impact.     The  impact  velocity 

was measured by electrical contacts at the gun muzzle. 

Since the stress duration in the specimen varies according to flyer 

thickness,   tapered  flyer experiments have the advantage over untapered 

flyer experiments  in that a range of stress durations can be obtained in 

one experiment.     Since the extent of dynamic  fracture damage depends on 

stress duration as well as on the magnitude  of  the stress,  a range of 

damage can be produced  in a single experiment. 

Analysis of the stress history for a tapered flyer experiment  is 

more complicated than for the uniaxial strain conditions resulting from 

untapered flyer impact,   because a shear wave arises when the dilatational 

wave reflects from the inclined rear surface of the flyer.     A two-dimen- 

sional  (planar)  wave propagation code,  however,  was used successfully 

to compute the stress histories and damage.     This analysis is described 

in Section  IV. 

Wave profiles were recorded close to the rear surface of two of the 

specimens.     Ytterbium piezoresistlve stress transducers, mounted in 

3/8-inch thick blocks of C-7 epoxy that were glued to the specimens, 

produced the oscilloscope traces shown in Figure 5,     Both records show 

the Hugoniot elastic  limit   (HEL),  a flat-topped loading wave,   and a 

clear fracture signal.    The HEL measures the yield strength of the 

material under dynamic uniaxial strain conditions and is useful in 

specifying the constitutive equation of the armor.     The flat-topped 
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FIGURE 5      VOLTAGE-TIME RECORDS FROM YTTERBIUM STRESS GAGES IN PMMA 
ATTACHED TO THE BACK SURFACES OF FLAT PLATE IMPACT SPECIMENS 
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loading wave indicates that impact planarity was good and that signi- 

ficant attenuation did not occur before fracture.  The second peak in 

the records, known as the fracture signal, is caused by a reloading 

recompression of the transducers by waves emanating from the internal 

fracture surfaces as they form and grow. 

Shock absorbing materials were located in the path of the impacted 

specimen to decelerate it gradually and prevent subsequent shock loads. 

The recovered specimens were then sectioned to reveal the internal 

fracture damage as shown in Figure 6.  Specimens 2024-3 and 2024-4 were 

sectioned so as to produce a cross section in the direction of maximum 

taper (see insets in Figures 7 through 11; Specimen 2024-5 was sectioned 

parallel to the direction of taper at three locations (see inset in 

Figures 12 and 13). 

The fracture damage in Specimens 2024-3. 2024-4, ai  2024-5 was analyzed 

quantitatively by counting and measuring the traces of the microfractures 

on the polished section surfaces.  Measurements were made by using 

a large area record reader (LARR) with which an operator positions a 

cross hair on one end of a crack trace, pushes a button to record the 

coordinates, and repeats the process for the other end.  A simple 

computer program uses these data to compute the length, orientation, 

and position within the specimen of the trace.  If desired, a similar 

procedure can be used to obtain crack widths.  The size distributions 

on the sectioned surfaces are then converted to actual crack size 

distributions per unit volume by means of a statistical transformation 

implemented in the BABS2 computer code. This procedure is described in 

detail in Reference 3. 

The results of this quantitative damage analysis are presented in 

Figure 7 through 13, which show crack size distribution curves for 

various positions on a cross section for several cross sections in 

Specimens 2024-3, 2024-4, and 2024-5. No fracture damage was observed 

for section C-J of Specimen 2024-5. 
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IMPACTI 

(■I    SPECIMEN 2024-4, SECTION A-B 

(Surface it ptrmlM to Up« of flytr) 
lb) SPECIMEN 2024-6, SECTION A-A 

(Surftet It porpondieular to ttptr of flytr) 
MP-2024-ia 

FIGURE 6     POLISHED CROSS SECTIONS SHOWING INTERNAL SHOCK-INDUCED FRACTURES 
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FIGURE 7     CRACK SIZE DISTRIBUTIONS ON SECTION A-B, FILE 1 OF SPECIMEN 2024-3 
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FIGURE 8     CRACK SIZE DISTRIBUTIONS ON SECTION A-B, FILE 2 OF SPECIMEN 2024-3 
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FIGURE 9     CRACK SIZE DISTRIBUTIONS ON SECTION A-B, FILE 1 OF SPECIMEN 2024-4 
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FIGURE 10     CRACK SIZE DISTRIBUTIONS ON SECTION A-B, FILE 2 OF SPECIMEN 2024-4 
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FIGURE 11      CRACK SIZE DISTRIBUTIONS ON SECTION A-B, FILE 3 OF SPECIMEN 2024-4 

43 

^_«MM^ L^ 



0.01 0.02 0.03 0.04 
CRACK RADIUS — cm 

0.05 0.06 0.07 

MA-2024-14 

FIGURE 12     CRACK SIZE DISTRIBUTIONS ON SECTION A-A OF SPECIMEN 2024-5 
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FIGURE 13     CRACK SIZE DISTRIBUTIONS ON SECTION B-B OF SPECIMEN 2024-5 
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C.     Rod  Impact Experiments 

For the rod impact  experiments,   square specimens  10 or 15 cm on a 

side were cut  from the half-inch armor steel,  and the front and  back 

surfaces were ground smooth and parallel.    The projectiles were cylinders 

1.03  cm in diameter by 2,03 cm long made of drill rod heat  treated to 

various hardness levels and  fitted   into 1,16-cm-diameter Lexan poly- 

carbonate sabots. 

The experiments were conducted  with a remotely fired,   propellant- 

activated gun,  Figure 14.     The gun  consists of a 1917  Enfleld action 

fitted  with a heavy  barrel,  which  is chambered for the 1.16 Winchester 

magnum cartridge and  smooth-bored  to 1.16-cm diameter.     Strain gages 

were mounted at three- locations on  the barrel—over the chamber,   at 30 

cm,  and at 38 cm from the breech—and were routinely monitored during 

every experiment.    The pressure-versus-time data were used in designing 

powder    charges for desired projectile velocities and In ensuring that 

safe pressures were not exceeded in  the gun. 

Projectile velocity was determined either from a calibration curve 

relating veloclty-at-lmpact  to powder charge or by measuring the times 

between  successive cutoffs of three  light beams by the projectile as It 

emerged  from the muzzle.     Fiber optics,  mounted in an aluminum muzzle 

extension,  were used for transmission and pickup of the light  beams. 

The muzzle extension also served as  a projectile guide,   ensuring normal 

impact  of the projectile on the target.    Since over half of the projectile 

length  is still  in the muzzle extension at the moment of impact,   the 

muzzle extension is slotted to relieve the gas pressure. 

Details of the five rod impact experiments are given in Table  IV,  and 

views of polished cross sections  of  the specimens through the point  of 

impact  are shown in Figure 15.    No fracture damage and very little 

deformation occurred at 0.64 mm/usec.     At higher velocities a large 
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(a)    SPECIMEN 34, 0.64 mm/ßsac 

(b)    SPECIMEN 35. 0.67 mm/fi» 

(cl    SPECIMEN 33, 0.72 mm/«iMc 

■ iMVM^bi yj ft   -^s 

PI '^mm? p| HH 
(d)    SPECIMEN 32, 0.85 mm/nwe 

M    SPECIMEN 31, 1.0 mm/fiMC 

MP-2024-25 

FIGURE 15        POLISHED AND ETCHED SECTIONS THROUGH 8.66-mm-THICK XAR30 
ROLLED HOMOGENEOUS STEEL PLATES SHOWING THE EFFECT OF 
THE VELOCITY OF THE IMPACTING  ROD ON THE DAMAGE PATTERN 
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Table IV 

ROD   IMPACT EXPERIMENTS  ON XAR30  ARMOR STEEL 

Experiment 
Number 

Specimen 
Thickness 

(mm) 

Projectile 
Velocity 
(mm/iisec) 

Remarks 

I 

31 8.66 1.0 Penetration;   gross back 
surface scab. 

32 8.66 0.85 Penetration;  large mid- 
plane crack. 

33 8.66 0.72 Penetration. 

34 8.66 0.64* No penetration. 

35 8.66 0.67* Penetration. 

* Optically measured. 

,,jM#t(1«S»-.» 
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(a)    FULLY SCABBED BACK SURFACE 

lb)    BACK SURFACE SCAB 

(cl    PLUG 
MP-2024-26 

FIGURE 16     APPEARANCE OF XAR30 TARGET 
IN LONG ROD EXPERIMENT 31 
AFTER IMPACT AT 1.0 mm//i$ec 
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central crack formed, Figure 15(c) and (d), which at 1.0 mm/usec caused 

a large scab of the armor steel to break free, Figure 15(e) and Figure 

16. Figure 16 shows the appearance of the scabbed back surface, the 

scab, and the plug from Experiment 31. 

Penetration in these experiments is classified as occurring in a 

plugging mode.  Close examination of the surfaces shown in Figure 15 

shows thfl existence of narrow bands that appear white when etched in 

nital or Vilella's reagent (Figure 17). These bands are known as 
* 

adiabatic shear bands and act as preferred cracking paths.  Thus the 

penetration process in XAR30 armor steel includes the formation of 

highly localized regions of Intense shear, which fail and result in the 

liberation of the plug-like segment of material from the armor plate. 

The plugs from these experiments were also sectioned, polished, 

etched, and examined with a microscope. A small meniscus-shaped region 

of different etching response, Figure 18, was observed directly beneath 

the impact surfaces of Specimen 31, indicating that the a        s* c 
bcc hep 

polymorphic phase transformation had taken place.    This zone was not 
15 

observed  in the other  specimens.     It was recently shown      that the 

lower boundary of this meniscus corresponds to an Isobar of about  130 
15 

kbar.     It was also found that the occurrence of this  phase change signi- 

ficantly alters the  stress history and hence the fracture damage in the 
15 

target material. 

Specimen 31 also exhibited several cracks parallel to the impact 

surface at  about mid-thickness,  Figure 18.     Only one  such crack was 

* Adiabatic shear bands are narrow regions of highly localized large 
plastic  shear strains.     The heating accompanying the  shear deformation 
may Increase the temperature high enough to cause solid phase trans- 
formations or even melting.     Very rapid quenching of  this material 
follows because the large volume of t<djacent material in intimate 
contact with the narrow band conducts the heat away at high rates.     In 
the present  instance a transformation to austenite followed by another 
rapid transformation to martensite probably occurred. The white etching 
response in 5% nital   is consistent with the existence of martensite. 
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(a)    SPECIMEN 32 

lb)    SPECIMEN 35 
MP-2024-77 

FIGURE 17      ENLARGED VIEWS OF SECTIONS THROUGH 
SPECIMENS 35 AND 32 NEAR THE ZONE 
OF PENETRATION SHOWING THE ADIABATIC 
SHEAR BANDS 
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I MENISCUS SHAPED PHASE | 
TRANSITION REGION 

PU^^K;' ti^ 

.-■»^ •:i:^v, 

-■•-^ 

J     «r^y^    MID-THICKNESS 
^JS*-    CRACKING AND 

v       '   SHEAR BANDING 

CBElgga 

FIGURE  18      ENLARGED CROSS SECTION OF THE PLUG FROM THE XAR30 TARGET 
IMPACTED  IN  LONG ROD EXPERIMENT 33 
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observed in Specimen 32;   none was observed  in the other specimens. 

Adiabatic  shear bands  bordered the edges  of all  plugs.     A  single  shear 

band   running inward  from  the sides at mid-thickness was  observed  in 

Specimens 31 and 32. 
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IV    APPLICATIONS OF THE  DUCTILE AND BRITTLE FRACTURE MODELS 

The two-dimensional ductile and brittle fracture models were 

applied to the simulation of damage  in several metals.    The brittle 

fracture parameters for XAR30,   an armor steel, were derived from impact 

experiments,  as described in the previous section.    Then model calcula- 

tions were performed to simulate two-dimensional damage in a target of 

the material.    To further demonstrate the models,   simulation calculations 

were made for tapered-flyer  Impacts  in 1145 aluminum  (ductile fracture) 

and in Armco iron (brittle  fracture). 

The first step in applying a fracture model to a material is to 

determine the fracture parameters governing nucleation and growth of 

damage. The fracture parameters for XAR30 armor steel were computed 

from the observed damage in three tapsred-fIyer experiments.    The 

following procedure,  which was used to calculate the parameters,  was 
4 

similar to that developed  for beryllium.      The average crack nucleation 

rate (total number of cracks divided by nominal duration of the tensile 

stress) was plotted versus peak stress in tension to find the nucleation 

threshold stress    ((T    ) and the other nucleation parameters  (a,   and N ). 
no 1            o 

c 
The shape parameter    R of the observed distribution was plotted 

versus tensile impulse (peak tension times duration of the tension) to 
c 

determine the nucleation size (R )  and the growth rate constant (T ). 
o 1 

After the initial estimates of all five parameters were determined 

from plots,  trial one-dimensional calculations were performed to approxi- 

mate the impact conditions at several points in the target.    These 

calculations were repeated with different fracture parameters until the 

computed and measured damage compared satisfactorily.     Then a two- 

dimensional calculation was performed to simulate the entire impact.     It 

was not necessary to modify the parameters further and  repeat the two- 

limensional simulation.     The fracture parameters found for XAR30 armor 
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are listed in Table V. The parameters for Armco iron and aluminum, 

2-4 
obtained on earlier projects,   are also included in the table. 

Some of the results of the simulations for three tapered-fIyer 

impacts are shown in Figures 19 through 21.  These figures show the 

crack-size distributions on the planes of maximum damage at each section. 

The crack size distributions are exponential in the computations and 

therefore appear as straight lines in these figures. The computed 

distributions are high in some case and low in others but the agreement 

is considered satisfactory. 

Two fracture calculations were performed with the ductile and 

brittle fracture models to examine their capabilities.  Each was the 

simulation of a tapered-flyer experiment in a well-characterized 

material:  1145 aluminum (ductile) and Armco iron (brittle). These 

tapered-flyer experiments were selected instead of projectile impacts 

because no large distortions of the Lagranglan mesh occur during a 

calculation. Thus It was possible to test the fracture models without 

the difficulties involved in rezoning and construction of slide lines 

that would be required for more complex geometries. 

The configuration for the tapered flyer experiments was shown 

schematically in Figure 4, and dimensions for the sample cases are 

shown in Figure 22.  For the aluminum impact calculations, the width 

of the flyer and target were foreshortened to 5.328 mm to minimize the 

number of computational cells required. In the computations the 

lateral boundaries were allowed no horizontal motion, thus approximately 

simulating the conditions in the central region of a tapered-flyer 

target. 

The first wave traveling through the target after the impact was 

a compressive wave. This wave was reflected from the free rear surface 

of the target as a zero-stress rarefaction (waves 4 in Figure 23). This 

56 



O) 
I 05 

OS oo 

o 
i 

m 
t^ 

o 

I 

X 

o 
X 

o 

X 

o 
CO 
I 

X 

o 

I 

in o 
o 
o 
O       rH 

00 
a> 

m N o o 
o i H o rH 
rH o o <-* 

rH l-l X 
X X 

X X '■£> 

o o m • o <o • • 

1 
• • n 

i T 

o    s 

(8 
H      O 

n 

a 

x 

(0 

§ 
•H 

a +> 
•H      CO 

> 
0)    iH 
S    IH 

IIS 
a 
0 
•H 
V « 
e 
bl 

0) •H 

■§ a» 
u Q 

00 
CO 
I 

m 
• X K X X (0 o 00 

|H o O • o in • • 
X 

m 
H 
1 

Tf rr 
I 

H 
1 

in * 
m i * 

Oi 
a N u 
0) s 0) 
« Ü (0 
\ s. \ 
a ü N n P) n 
>. 0) B B B B 

"D in Ü ü o e 
c > 

V 
> > 

B h >> B 0 >, K 
0 •o TJ Ü 

a 
0 

c •o •D 

•P >> •H s 
s +> +J o 
0) ■H CO •H a 
•H 00 « V •p 0 
Ü 0 £ N rH eg •rl 
•H Ü ■P •H o 0) •P 
<H U i (0 3 iH CO 
<H •H 0 a Ü 0) 

8 > C g 3 l-l 
bo T3 C u 

o rH ■H iH 3 
CO m •P 0 M a  >> 

Ä •H 0 a Ä 0 «> 
+J h -h0 T3 a> h W OTJ •   -H 
§ V a. rH H 0) 0) ft. ■H -■H> o H-> 0 Ü +J E 0 e. -H E co h JS 3 0) A u JS +* 
M e 0 0) 

tt) 
ß § +J 

0) 
0 

0 0   « 
m 0 E * h •i H-> Oh a 

, iH * bC * Oco oca ac H« 
H F b +J « a • as U b •p b   00 

H N n ^r in (0 •• M * 
s S S S M a 
■*-' w ^ ^' ^ ■w 

« BS Bi M as tf 
w CO M w CO 1 H H H H H 

57 

«HIMMMH   -   M   i' KM ■ 



10° 

10°   — 

10" 

S    - o 
z 
8 

< 
5 
> 

I 
3 

ioJ — 

10"   = 

10 

p 
1         1          1          1         1 

1  
1 

M
ill

 

—H 

Pv» ^ 
\ — 

1  \ —1 

k N^ 
-J 

^ x 
^ ̂ v           ^ 

^C^w                          ^»^                         FILE 
>^V^                     ^ p^ \^\                       ^                 1 ml 

^^                      ^>^^^ 
p^ —i 

[~ '\X          EXPERIMENTS^^ 

^X                                2      J^ ̂
^-J 

U- VS . -^ s!         >J ^- \         1 
U- 

\ 
p ^^              COMPUTATIONS          ^ 

L— V —i 
[— \ —^ 

\ 

\   4 U- 
t \      q 
r" \   n \d 
u i] 
r- 

1        1         1        1        1 i        ' 
0.006 0.01 0.015 0.02 0.025 

CRACK RADIUS — cm 
0.03 0.035 

MA-2024-17 

FIGURE 19      COMPARISON OF MEASURED AND COMPUTED DAMAGE ON 
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IMPACT EXPERIMENT 2024-3 
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■ 25.4 mm- 

.578 mm | 

163.0 m/sec 

3.156 mm 

i 0.789 mm 

(•)    1145 ALUMINUM FLYER AND TARGET, SHOT S4 

3.16 mm 

381   mm- 

1.58 mm 

103.3 m/sec 

T 
6.31 mm 

t 
(bl    ARMCO IRON FLYER AND TARGET, SHOT SI 

MA-2024-20 

FIGURE 22      CONFIGURATIONS FOR TAPERED-FLYER IMPACT EXPERIMENTS 
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rarefaction interacted with the rarefaction from the free surface of 

the flyer  (waves 3)  to produce tension in the target,   as shown by the 

region labelled T in Figure 23.    The vertical length of the tensile 

region is the duration of the tension at  a point  in the target.     This 

duration is a linear function of the flyer thickness.       Therefore in the 

tapered-fIyer experiment,  the peak tensile stress is constant,  but the 

duration varies in the direction of the taper. 

These simulations are given as sample problems in Appendix B. 

The computed results are depicted here as  three-dimensional surfaces 

in which the damage functions are the amplitudes above the plane of the 

sections through the targets.     The damage  in the aluminum target  is 

shown in Figures 24 and 25.     Figure 24 shows that the line of maximum 

void volume is nearly at the middle of the target and that the amount 

of void volume increases toward the high damage end.     The high damage 

end is the part  of the target struck by the thicker portion of the 

flyer.    Similar results are observed with the crack concentrations 

plotted in Figure 25.     We note the damage functions present a fairly 

smooth surface,  as is expected from a calculation if there are no 

stability problems. 

The crack volume and crack concentrations computed for the Armco 

iron impact are shown In Figures 26 and 27.    Note that both the amount 

of damage and the extent through the thickness increase towards the 

high damage end of the target. 

Quantitative analyses of the experimental damage was not performed 

for these two tapered-flyer impact experiments.    However,  a qualitative 

comparison can be made between the damage observed and that computed. 

The aluminum impact calculation compares well with the observed ampli- 

tude of damage and the width of the damaged region.     The Armco iron 

calculation indicates about the right level of damage,  but the width 

of the damage region appears broader than  that  seen in the experiments. 
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0.0001 
0.5 0.10 0.15 0.20 0.2S 0.30 0.35 0.40 0.45 

DEPTH IN TARGET — cm 
MA-2024-21 

FIGURE 24      COMPUTED VOID VOLUME THROUGHOUT THE 1145 ALUMINUM TARGET 
AFTER TAPERED-FLYER IMPACT EXPERIMENT S4 
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0.15 0.20 0.25 0.30 
DEPTH IN TARGET — cm 

0.35 0.40 

MA-2024-23 

FIGURE 25     COMPUTED NUMBER OF VOIDS THROUGHOUT THE 1145 ALUMINUM TARGET 
AFTER TAPERED-FLYER IMPACT EXPERIMENT S4 
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1  x 10 
0.4 0.6 0.8 1.0 

DEPTH IN TARGET — cm 
1.4 1.6 

MA-2024-33 

FIGURE 26     COMPUTED CRACK VOLUME THROUGHOUT THE ARMCO IRON TARGET 
IN TAPERED-FLYER EXPERIMENT SI AT 2.069 jaec 
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FIGURE 27      COMPUTED NUMBER OF CRACKS THROUGHOUT THE ARMCO IRON TARGET 
IN TAPERED-FLYER EXPERIMENT SI AT 2.069 /wee 
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This lack of agreement  suggests a need to allow nonelastic crack 

opening relations for the iron to permit damage to reduce the stress 

more rapidly.     Such inelasti«; opening certainly occurs  because the 

cracks  remain open after the impact.     However,   appropriate opening 

relations have not yet  been developed. 

In summary,   the brittle fracture parameters for XAR30 armor steel 

were derived from three tapered-fIyer impact experiments.    The ductile 

and brittle fracture models were then used  to perform  sample two- 

dimensional  impact calculations to simulate damage in  1145 aluminum and 

Armco iron.    The results of the computations in  the three materials 

show that the models can simulate satisfactorily the ductile and brittle 

damage in two-dimensional problems. 
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Appendix A 

DERIVATION OF  EQUATIONS FOR FRACTURE SUBROUTINES 

The detailed equations required to Implement the ductile and brittle 

fracture models in wave propagation computer programs are derived  in 

this appendix.    These models are the bases of the subroutines DFRACT 

and BFRACT, which replace the usual equatlon-of-state subroutines when 

ductile or brittle fracture begins.     Thus, during the early part  of an 

Impact  calculation while the material  is in compression,   the usual 

equatlon-of-state subroutine  is called to compute the stress for each 

cell at each time increment.     Later,  when the computed tensile stress 

exceeds the nucleation threshold,   DFRACT or BFRACT is called.     These 

routines compute the pressure and  stress from given values of the  strain 

Increments,  internal energy,   and other parameters.     In addition,   these 

subroutines nucleate cracks or voids and permit existing cracks or voids 

to grow.    Once a fracturing routine is called to compute stress for a 

computational cell,  the usual equation-of-state subroutine is never 

called again for that cell.     Thus  the presence of damage Is accounted 

for In  subsequent  recompresslons or extensions by these fracture sub- 

routines.     In the model the  recompression wave does not compact  voids 

or reduce the number of voids or cracks;   it simply compresses the solid 

material.    Thus the model treats correctly only a low amplitude re- 

compression wave.    When a later tension occurs,  the damage again begins 

to increase by nucleation and growth. 

The stress and damage quantities are related by strongly nonlinear 

equations so that an iteration solution procedure is required.     The 

development of this iteration procedure and of  equations for the  stress 

estimates used to start  the Iterations is described in this appendix. 
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Iteration Procedure 

The subroutine is organized around an iteration procedure to 

determine simultaneously the damage quantities and the stresses.   To 

minimize the number of iterations,   a complex estimating procedure is 

derived for determining the starting value for each iteration.     Methods 

for making the required estimates are outlined in the second  subsequent 

section of this appendix. 

The subroutines are provided with an internal energy     E    and 

strains    Af   ,  as well as the values of  E,  o.   pressure,   and  stresses at 

the previous time step,   and are asked to provide pressure and deviator 

stresses at the current  time.     These new stress quantities are a function 

of the changes  in energy and density,  and also of  the growing damage. 

Thus we require the simultaneous solution of  the following system of 

equations: 

Damage    =    f  (P, fr'     , or'     , T    , tr'    ) 
1 xx yy      xy        99 

0   =    f  (Damage,   AE,   Ap) (Al) 

where    P    =    pressure 

a'     , Ct'     , a' =    deviator stress 
xx        yy        99 

T        =    shear stress on the x-y plane 
xy 

a    =    any stress 

The Iteration process for solving the system of  Eq.   (Al)   requires 

(1)  an estimate,   (2)  a computation of all quantities including one with 

which the accuracy of the estimate can be tested,  and  (3)  a test  for 

convergence.    The change in solid volume    AV      was chosen as the  initial 

parameter for beginning an iteration because all the quantities can be 

computed from that one estimate.     Convergence is based on    AV,     the overall 
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volume change. The iteration process contains the following six steps, 

which provide the framework of the subroutine. 

(1)  Estimate AV . 
s 

(2) Compute the pressure and deviator stresses. 

(3) Compute the crack or void volume,  V  , from the growth, 
va 

nucleation,   and expansion laws. 

(4) Compute the total  volume change    AV      from the change in crack 
a 

or void volume    AV and the change in solid volume    AV  . 
va s 

(5) Compare    AV    and    AV      and terminate the iterations if the 
a 

comparison is satisfactory. 

(6) Reestimate AV  and return to step (2). 
s 

The accuracy requirements for determining convergence were developed 

from trial computations with Armco iron and a program to test BFRACT. 

Several density step sizes and accuracy controls were used.     It was 

found that the results can be made independent  of step sizes to a 

precision on stress of 0.01  kbar: 

(1) If step size in density is such that  the maximum change in 

stress could be 0.33 (T     ,  that is.  one-third the nucleation 
no 

threshold stress. 
5 

(2) If the ratio of   (AV - AV  )/V      is less than 2 x  10  . 
a      s 

If the iterations do not  converge in ten tries,   an abort procedure 

is provided.    Normally the convergence improves as the density step 

size decreases.     Therefore,   in the abort procedure,   the step size is 

decreased and the calculations are repeated.     If convergence is still 

not  achieved,  a message is printed and the calculations continue. 
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For compressive stresses there is no crack volume and void volume 

is held constant:     then the Initial estimate of    Av      is exact and no 
s 

iteration is required.     For small amounts of damage,  the first estimate 

is usually accurate enough to provide convergence on the first iteration 

cycle.    However,  as the increase in crack or void volume becomes comparable 

to the imposed total volume changes,  the number of iterations increases. 

Even at large damage,   convergence usually occurs  in three to five 

iterations. 

Pressure Estimation 

For beginning each iteration it is necessary either to estimate 

the specific volume directly or to estimate the pressure and derive 

the specific volume from the pressure.     The  initial estimate of pressure 

is made as accurately as possible to minimize the number of iterations 

required.     Estimates are made on the assumption that the pressure is 

determined entirely by strain and changes in internal energy,  by 

nucleation of new cracks or voids,  or by a combination of  strain, 

expansion,   and growth of cracks or voids. 

For strain and changes In internal energy only,   Eq.   12  (See Section 

II  of this report)  is used,  with    n      computed by assuming that all rs 
strain is taken in changing the solid specific volume,   i.e.,   AV    = AV. 

s 
The estimate of pressure in the solid is 

=    C 
se I n   (V      + AV)  "  1j 

\   o    so / 

TE 
V      + AV 

so 

(A2) 

where V   is the specific volume of the solid at the beginning of the 
so 

time step. 

If there are few cracks  or voids in the cell,   the initial pressure 

step beyond the nucleation threshold may be governed by nucleation. 

For cracks the pressure estimate based on nucleation is obtained by 
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setting the Imposed volume change    AV    equal to the nucleated volumes 

from Eq.   (33) for all crack orientation bins.      For the estimate,  the 

stresses  in each direction in  Eq.   (33)  must be approximated in some 

way.     Stress appears in the expression in two ways:     directly,   to describe 

the opening of the cracks  (Eq,  29),   and in the nucleation  rate function 

ft      (Eq.   31).    The stress appearing In the nucleation rate function is 

assumed  to be of maximum importance,  so it  is treated more exactly than 

the stress controlling crack opening.     The latter stress,  which appears 

directly in  Eq,   (33),  is taken as    P     ,     the solid pressure at the 
so 

previous  step.    The pressure  is used here instead of the stress in any 

particular direction to get an average of the nucleation behavior in 

all directions.     In the expression for    Ä     (Eq,  31),    a  .     is treated 

as the average pressure over the time interval,  that is,     (P      + P    )/2, 
sn so 

where    P is the nucleation-based estimate.    The pressure estimate 
sn 

from Eq.   (33)  is then 

sn 
P      + 2a      + 2a,  An 

so no 1 
AV 

V Ä R AtP 
CO so 

(crack nucleation) 

(A3) 

where    V 
32(1 - v  ) 

E 
=    8 A       M 

IG   +   c+ü/3/ 

c 

G 

7 
no 

ft 
o 

E 

v 

R       a 
o 

At 

= bulk modulus 

= shear modulus 

= nucleation threshold 

= nucleation rate parameter 

= Young's modulus 

m Poisson's ratio 

nucleation size parameter 

s    time step 
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For void nucleation,   the pressure estimate Is derived from Eqs.   (3) 

and  (4),  of Section II,  with    P    taken as the average pressure, 

(P      + P    )/2.     Then 
sn so 

sn 
P      + 2P      + 2P in 

so no 1 
AV 

8rN R At 
o o 

(void nucleation) (A4) 

Usually    P        is an overestimate of the correct pressure, 
sn 

A third estimate of  solid pressure is made by considering that 

the imposed change in volume  is taken by a combination of  expansion and 

growth of existing cracks plus  a strain in the solid material  for the 

brittle case.     Equation  (37)   is used to determine the volume change 

associated with expansion and  growth of cracks.     In this expression 

a   ,     in the expansion portion was replaced by    P      + (T//2I   and    a  , 
CO)/) sg ' cp0 

in the exponential was replaced by    (P     + P    )/2 + a'    where    or'    is 
sg        so 

the most tensile deviator stress.    These replacements for    CT  ,     were 

chosen on the basis of trial calculations in Armco iron.    The total 

volume change from expansion  and growth is then 

V    = - TjTN ^R )   ]     (P    +5)   exp [3T  (-^ + -^ + a'   - CT     )   At]    (A5) 
v Trol sg 2 12 2 go 

or approximately 

V    = V    exp [3T  (P      + CT'   - CT    )   At] [l + AP     ( —r + T^A*)]  (A6) 
v   o      1  so        go sg      CT   2 1 

so  2 

where V   = the void volume at the previous time step and 
vo 

AP = P 
sg sg so 

The total volume change is now taken as equal to the combination of 

growth and expansion from Eq.   (A6),  and the change In solid volume from 
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Eq.  17 of this report.    This volume condition is 

AV = V-V       +V-V 
V vo s so 

(A7) 

The resulting estimate for pressure is 

AP 

V    r(E - E )/C 
so o 

AV " Vvo (X - 1)- ~1 Fi  

o 

sg 

V    XI — 
vo IP 

so 
+ or 

3TiAt\ 

2     / 

so 
C/p     + TE ro 

(crack (A8) 
growth) 

where    X    = exp [3T  (P      + CT'   - a    )At]. 
1    so go 

For ductile behavior the third pressure estimate is made based on a 

combination of strain in the solid material and void growth.    The void 

volume  is 

V    = V      exp 
v        vo 

[T(!*Ll^£.p   JJ 
I g0      ! 

[• 
T.AtAP 

a   V      exp |T,At(P      - P    ) 
vo 1   1 so go 

(A9) 

Combining Eq.  17,  Eq,   (A9),  and the volume condition In Eq.   (A7) 

provides the desired estimate of    P 
sg 
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V     (E-E  ) 
so o 

AV  - V     (X -  1)   - — — 
vo c/D   +  ru 

AP 
sg 

(void growth) (A10) 
T At 

v    x -^— vo      2 
so 

C/o  + TE 
o 

where    X    =    exp    [T At(P      - P    )]. 
1 so go  " 

The pressure estimate for the first iteration is selected by taking the 

least tensile value from Eqs. (A2), (A3), and (A8) for the brittle case 

or from Eqs.   (A2),   (A4),   and  (A10)   for the ductile case. 

After the first computation of    V      and    V      based on the initial 
s v 

pressure estimate, a reestimate is often required. To minimize the 

opportunity for getting into loops, two procedures were constructed 

for the later estimates. The first is based on the result of the 

previous iteration and on the physical processes:  the form is similar 

to Eq. (A8) or Eq. (A10). The second procedure is the regula falsi, an 

interpolation based on two previous trials. 

The first procedure is based on a combination of growth, crack 

expansion, and change in solid volume.  After expanding the exponential 

in the growth function in the same manner as in Eqs. (A6) or (A9) , the 

crack or void volume for a small change in pressure AP = P 
s    £ 

found to be related to the previously computed volume    V 
va 

P       is 
a 

as follows: 

V      =    V    [1 + AP    (r— TTT + ^TAt)] 
v va s    P    + CT /2      2    1 

a 
(cracks)     (All) 
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or 

TiAt 
V      =    V       [l +  AP    ——] 

v va s      2 
(voids)     (A12) 

where P  is the pressure computed in the previous iteration. The 
a 

change in solid volume is related approximately to the change in pressure 

as follows 

V  - V 
s   sa 

\ Oo     C / C + 
(A13) 

The total volume change computed in the preceding  iteration was 

AV=V      -V      +V       -V 
a        va        vo        sa        so 

(A14) 

where the subscript "a" refers to the previous iterations, and "o" 

refers to conditions from the last time step. Equation (A14) is sub- 

tracted from Eq. (A7) to obtain the change in AV required to produce 

a correct result. 

AV-AV=V-V  +V-V 
a   v   va   s   sa 

(A15) 

When Eqs. (All) or (A12) and (A13) are inserted in Eq. (A15) and solved 

for AP , we obtain 

AV - AV 

AP     = 
a 

va 
(^ 

^7i +  2 V** "'- + - j  "(po+    C)C+Pa 

(cracks) 

(A16) 
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or 

AP 
T  At 

va 2 

AV - AV 

■K^) 
(voids) (A17) 

C +  P 

The second  reestimate procedure requires  Information from two 

previous Iterations:     the estimated changes In solid volume,     AV        and 
sa 

AV     ,     and the computed total volume change,     AV      and    AV  .     The 
sb ab 

subscript    b     refers to values saved  from some earlier Iteration.    The 

next estimate Is then simply 

AV      - AV 
S D Sfl. 

AV      =    AV        +    — —    (AV - AV ) 
s sa AV      -    AV a 

(A18) 
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Appendix B 

INSERTION OF BFRACT AND DFRACT  INTO HEMP 

During brittle fracture calculations,  BFRACT and DFRACT replaces the 

usual routines for computing pressure and deviator stress.     This section 

describes the changes  required to incorporate BFRACT and DFRACT into 

HEMP or other two-dimensional Lagrangian wave propagation codes and 

gives test cases for verifying the code results. 

Changes to HEMP 

The insertion of BFRACT and DFRACT requires some added COMMON 

storage,   additional reads for property data,  a procedure for switching 

to the fracture routine,   a CALL statement,   and a means for printing the 

computed damage.    These changes were all made to FIBROUS,   a comparable 

two-dimensional program at SRI.    The additional COMMON quantities are: 

TSR (6,30) 

ENM (K,J) 

ENT (K,J) 

LS 

NFR (M) 

An array containing the fractures and frag- 
mentation parameters.     It now provides for 
6 materials and 30 parameters each,  although 
only 9 parameters are now in use. 

Array for the fraction of crack oi void volume. 

Array for the  number of cracks or voids per 
unit volume in each cell. 

Initializing indicator.     Set to zero at 
beginning of program,   reset to 1 in BFRACT or 
DFRACT after initialization. 

An Indicator array for the type of fracture 
considered.    NFR = 1 for ductile,  and NFR = 2 
for brittle fracture. 

The additional materials data are Inserted in the initializing 

routine with the rest of the materials data.     In FIBROUS,  the indicator 

NFR is read with the material name.     If NFR equals 2,  then two data 

cards are road to obtain the first 9 variables of the TSR array.    For 

NFR s 1,  only one data card is needed. 
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BFRACT and DFRACT are not called or initialized until the tensile 

stress in some ».ell exceeds the threshold stress for nucleatlon, TSR 

(Mf5).  On the first CALL (described in detail below) the dimensional 

arrays in BFRACT are zeroed, and several coefficients that depend on 

material properties are computed.  If a second material is Involved in 

fracturing, these coefficients are computed on the first call to BFRACT 

for a cell of that meterial. DFRACT requires no initializing. As many 

as s..x materials may undergo f-acture at once with the present array 

dimensions. 

The CALLs to BFRACT and DFRACT are inserted in the subroutine that 

controls stress calculations (VQP in HKMP, SWEfcP? in FIBROUS) just before 

the pressure is computed. The following statments may be used: 

480  IF (NFR(M) - 1) 600, 480, 490 

IF (ENT(K,J).GT.O.) GO TO 500 

IF (P(K,J) .LT.TSR (M.5))GO TO 500 

GO TO 600 

490  IF (ENT(K,J) .GT.O.) GO TO 520 

IF (AMIN 1 (TXX(K,J), TYY (K,J), TTT (K,J)) .LT. TSR (M,5)) 
GO TO 520 

GO TO 600 

500 CALL DFRACT (SXXN, SYYN, STTN, SXYN, EXXH, EYYH, ETTH, EXYH, 
P^K.J), ENM(K,J), ENT(K,J), VW, VN, DELTH, E(K,J), EE. T, 

CA(M), EQSTG(M), MU(M), RH0(M), TSR, Yy(M), YD(M), F, M, 

DROT) 

GO TO 540 

520 CALL BFRACT (LS, SXXN, SYYN, STTN, SXYN, EXXH, EYYH, ETTH, 

EXYH, P(K,J), ENM(K,J), ENT(K,J), VW, VN, DELTH, E(K,J), 

BEST, CA(M), EQSTG(M), MU(M), TSR, YY(M), YD(M), F, K, J, 

M, ICYCLE, RHO(M), DROT) 

540 SXXW ■ SXXN 
SYYW = SYYN 

STTW ■ STTN 
SXYW = SXYN 

600 GO TO 650 

(usual  relations for pressure and energy) 
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The parameters in the preceding statements are defined  in the 

Nomenclature list  given below.       It  should be noted  that BFRACT and 

DFRACT compute both deviator stress and  pressure.     Both of these 

quantities are positive in compression. 

The damage information for all cells undergoing brittle fracture 

is  listed  in a  separate CALL to  BFRACT.     The form of   the CALL is: 

CALL BFRACT   (2) 

This statement may be  inserted  in the stress controlling subroutine or 

in a printing or editing subroutine.    An example of the listing given 

is shown later.     The damage information computed in DFRACT is all 

contained  in the NM and NT arrays, which are parameters in the CALL 

statement and are available to the calling program.     Therefore,  for 

ductile fracture the damage listing is performed outside DFRACT. 

To aid the user in testing the BFRACT and DFRACT subroutines, 

sample tapered-fIyer Impact calculations are given.     The planar,  two- 

dimensional geometry of the target and flyer is shown in Figure B-l. 

Sample results from various  stages in the two calculations are shown 

in Figures B-2 through B-10.     No motion is permitted in the third 

dimension,   and no vertical motion is permitted along the upper and lower 

boundaries of either target or flyer.     The left  and  right boundaries 

are free surfaces.    The Interface surfaces of target  and flyer are in 

contact during the early part  of the calculation but  are allowed to 

separate gradually when the stresses in the adjacent  cells become 

tensile.     Specific information about the calculations is contained in 

the listing of the INPUT data decks.  Figures B-2 and B-7.    The nomenclature 

for the data decks is  given in the Nomenclature list.    The data In 

Figure B-2 do not correspond entirely with the set  of parameters 

finally chosen as the best representation of XAR 30 steel. 
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The sample printouts from the flyer computations include    the 

listing of the input data,  Figures B-2 and B-7,   a portion of edits 

printed in SWEEPF   (Figures B-3 and B-8).     At this time the target  has 

passed through a tension and fracturing phase and  is now undergoing 

recompression.     Figures B-4 and B-9  list a summary of the damage quantities 

at each cell  (printed in SWEEPF).    The detailed listing of the damage 

quantities given In Figure B-5  is printed by BFRACT.    The CL and CN 

quantities at each cell are given with the average crack radius parameter 

(CL-AV^>  and total number of cracks  (CN-TOT).    The total crack area is 

given and the cumulative rotation  (ROT)  in radius  is provided.    The 

quantity ROT gives the rotation of the crack bins from their original 

orientation;   it  is  not necessarily the total cell  rotation.    Figure B-6 

contains a portion of the historical  listing of  some stresses.  From 

left  to right the quantities are TXX(3,8),   P(3,8),  TXX(3,9),  P(3,9), 

TXX(3tlG)f   P(3,10),   TXX(4,2),   P(4,2),   P(4,2),  TXX(4,3),   and P(4,3). 

Figure B-10 contains a similar historical  listing  for stresses and 

pressures at coordinate points  (4,4),   (4,5),   (4,6),   (4,7)   and (4,8). 

The computed fracture and fragmentation damage is shown schematically 

in Fig.   IV-1 of Section IV. 

The fragmentation subroutines for DFRACT and  BFRACT are listed 

at the end of this appendix. 
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NOMENCLATURE OF BFRACT,   DFRACT,   AND THE CALLING PROGRAM 

Formal  and External Parameters 

DROT 

DTO (or DELTH) 

E 

EEST 

BQSTCM  (or CA) 

BQSTGM 

ELMU   (or MU) 

EXX, EYY, ^rrr, EXY 

F 

J 

K 

LS 

M 

NFR 

NM  (or ENM) 

NN  (or  ICYCLE) 

NT  (or  ENT) 

P 

RHOS   (or RHO) 

Cell rotation during time increment, 
positive counter-clockwise,   in radians 

Time increment,   sec 

Internal energy at beginning or end 
of time step,  erg/g 

Estimated internal energy based on 
constant P through time  step,  erg/g 

,    2 
Bulk modulus, dyn/cm 

Gruneisen ratio 
,     2 

Shear modulus,  dyn/cm 

Strain increment in the x, y, and 6 
directions, shear strain (f + f _) 
In the XY plane xy y* 

Thermal strength reduction function 

Lagranglan coordinate  In the Y direction 

Lagranglan coordinate  In the X direction 

Initializing Indicator 
0 Initialize on this CALL 
1 computations only 
2 print only 

Material number 

Indicator array for type of fracture 

0 no fracture model 
1 ductile fracture 
2 brittle fracture and fragmentation 

Relative crack or void volume 

Time increment number 
,    3 

Crack or void density,   number/cm 
,    2 

Pressure,  dyn/cm 
,    3 

Initial  solid density,   g/cm 
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SXX, SYY, STT, TXY 

TSR (1) 

TSR (2) 

TSR (3) 

TSR (4) and (6) 

TSR (5) 

TSR (7), TSR (8) 

TSR (9) 

TXX, TYY, ITT 

VO (or VW), VOLD (or VN) 

Y  (or YY) 

YD 

Deviator str-ss in the X,Y, and 6 

directions, and shear in the XY plane, 
dyn/cra^ 

(With an appended N or EN, the quantity 

pertains to the previous time step; 

with an appended W, it refers to the 

end of the current time step.) 

2 
Growth constant = 3/(4*ErA), cm /dyn/sec 

,    2 
Growth threshold, dyn/cm 

Nucleation radius parameter, cm 

Parameters in the nucleation function, 

no./cm /sec and dyn/cm2 

N = TSR(4)*EXP((P-TSR(5))/TSR(6)) 

2 
Nucleation threshold,  dyn/cm 

Not used 

Switch to Indicate whether stress or 
deviator stress governs nucleation 

0 stress 
1 deviator stress 

Total  stress in the X,Y,  and    9 
directions 

Relative volume at  end and beginning 
of time step 

2 
Yield strength, dyn/cm 

2    3 
Work hardening modulus, dyn/cm (g/cm ) 

Internal Variables 

CL 

CN 

DELV, DELVA 

DOLD. DH 

DPJ 

DV.   DVO 

Cube of crack radius parameter,  cm 
3 

Crack density,  number/cm 

Imposed and computed total volume 
change cnrVg 

Density at  beginning or end of time 
step,  g/cm3 

Permitted step In pressure used in 
iteration control,  dyn/cm2 

Imposed change in specific volume,  cm /g 
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1 

DVSA 

FNUC 

Change in solid vol'irae, cm3/g 

Fraction of cracks nucleated for each 

crack orientation group; FNUC equals 

solid angle subtended by the group, 

divided by 4ir 
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NANG 

NLOOP 

PG 

PJ 

PN 

PS 

RED.REDl 

SDH 

VSO 

WOFVV,WA 

Number of angular orientation groups 

Number of subcycling iterations required 

Pressure estimate based on strain, 

growth and expansion, dyn/cnr 

Pressure estimate selected to start 

an iteration, dyn/cm2 

Pressure estimate based on nucleation 
dyn/cm^ 

Pressure estimate based on strain, 
dyn/cm2 

Damage-related reduction factors 

for deviator stress 

Maximum value of deviator stress, 

dyn/cra2 

Solid volume at beginning of time step, 

cm3/g 

Total crack or void volume, cm /g 

} 



Input Variables 

(listed in order of occurrence in the input deck) 

IMAX 

MIRR 

NMTRLS 

IJBUND 

IFCUT.TIMWITH.DELTAT 

COSQ 

XD(2) 

TS 

TRIQ 

IPRINT,   KPRINT 

NKED,   NJED 

RHO 

CFP 

DPY 

TSR 

Maximum number of time steps permitted 

Indicator;  9 means tapered flyer 

Number of materials 

Geometry type;   3 means planar geometry 
with laterally Immovable edges 

Unused 

Coefficient of quadrative artificial 
viscosity term 

Flyer velocity,  cm/sec 

Stop time,   sec 

Coefficient of "triangle Q" artificial 
viscosity for distortion control 

Print frequency indicators 

Numbers of historical edits requested. 
Following these indicators is a large 
array with sets of 4 numbers each.     In 
each set the first number indicates 
target  (1)  or flyer  (2).    The second 
indicates the variable requested: 
TXXd)  or P(2).     The third and fourth 
are K and J. 

3 
Original density,  g/cm 

A three-digit  Indicator.     The tens 
column gives the fracture indicator, 
NFR. 

A three-digit indicator for deviation 
stress and pressure parameters. Here 
it  indicates that TENS will be inserted. 

Fracture parameters 
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1 

CA 

CB.CC 

ERSTE 

BQSTG 

BQSTH 

PMIN 

YCC,   YCT 

TENS 

NZONES 

DELX 

DELY 

KROWS 

NMAT 

NCELLS 

MATR 

ITAPERED 

XLTOP 

XLBOT 

Bulk modulus  (dyn/cm^)  and first 
coefficient  of  the Hugoniot expansion 

2 3 
P = CA   •  u  + CB  •  y,    + CC   •   p. 

where    u = DH/RHO -  1. 
2 

See CA,   dyn/cm 

Sublimation energy,  erg/g 

Gruneisen  ratio 

v - 1,  where    y    is the exponent 
describing expansion of a polytropic gas 

Maximum tensile stress permitted, 
dyn/cm^ 

Yield strengths in compression and 
o 

tension,  dyn/cm 

Spall  strength at the interface, 
dyn/cm2 

Number of zones with identical K-rows 
in either target or flyer (target  is 
treated first). 

Cell dimension in the X direction,   cm 

Cell dimension in the Y direction,   cm 
(same for target and flyer) 

Number of K-rows  (or cells in the X- 
direction)  within the zone. 

Number of different materials in the 
Y-direction in each K-row. 

Number of cells in the first material 
in the Y-direction 

Material number for the first cells  in 
the Y-direction 

Indicator for a tapered flyer 

Thickness of flyer at the top,   cm 

Thickness of flyer at the bottom,  cm 
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1.578 mm 

3.16 mm 

JL 

TAPERED  FLYER 

3.156 

1            1 
TARGET                                                    ! 

rr A*«                                                                                           -      1 

(•I    1146 ALUMINUM FLYER AND TARGET 

1.58 mm u 
TAPERED FLYER 

nm 6.31 

TA RGET                                                                                    1 

(b)    ARMCO  IRON  FLYER AND TARGET 
MP-3024-37 

FIGURE B-1      PLANAR TWO-DIMENSIONAL GRIDS FOR CALCULATING TAPEREO-FLYER 
IMPACTS IN  1145 ALUMINUM AND ARMCO IRON 
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FIGURE B-2      LISTING OF THE INPUT DATA DECK FOR THE SAMPLE TAPEPED-FLYER 
IMPACT IN 1145 ALUMINUM 

89 

) 



Z MM N N (W Al f 
7 CO C C O C ( 
O*   «    «   4    «    «  < 
>kJ kJW W klbl h 
• «ni9 m — t 
«n « o 9 a r • 
©mir «n ♦ H 

MM M nm M • 

X IMiMIMfM ——« c 
^cccccccc 
C* ♦•♦•«♦♦ 
>UhlkittiMiki uui 

ft« oiTMir «:r> 

MV, R « » r IVJ «  o 

r —* M M 
recce 
c ♦  ♦   ♦ ♦ 
>UJ UJU UJ 

IT— * r- 
* a i»- * 

♦ — c * 
•> ^ « «V 
M M —fM 

- « fv. m *v o 

c e c 

C C  c   cc 
♦ •   • ♦ ♦ 

J- n ■* tr * 
«»c ir ir 

V U.'  U.'U. lu 

IT d* at 

UJU' Ui ki 
«*■ c « 
9 «   C - 
^ c -• r* 

r — c — — fw (V (\. rv 
7CCCCCCCC 
c»   ♦♦♦♦••♦ 
VUtU bJUJUUIbJUJ 

^f" — — (t » -f « 
«»--If   — tf « !"•  - 

T OO < •  •   « 
crt m 

I «M *« 
MMM 

3C   O C 
£!♦♦♦♦ 

y o ele e 
c *  «f • « 

r* •# if * . (\, fV » 

O O  C c   o 

Ä ♦   ♦    •   ♦   ♦    « 
W>UI klltlU w w 

■ •  ■ 

W UIU 
«in m 

c «ar> r> 
♦ »• «lit 
^ «m «m 
•  • • ■  • 

■   i • •   i 
o —-M — »- — 
m ^.^ -.^. •• 
a « * « • • 

«PI « r» 
■ • • • 

rtp» r- w 
•   ill 

-ftn 
W UfteJ W 
c -• « ♦ 
«   »TiT IT 
c c e e 

P» o «n « 
«PI *■» • • • • 
♦ -#« i" I   •   • ■ 

O  —»« «N Mi 

a * *   « * 
t/i u» uiu; uj 

4  IT« C 
(net * « 
c <=  o c 

*« *«c o> 

ui u u; u.' u. 
^ « IP <K 
tnm tfi IT tat 
o e c c e 

* c r 

« «M 

n ^ IT r r ^ 
» o> M m « M 
9 ■« ♦ Ä— — 

m M ofh . 

inr IT V 4 

o -*— -• 
If ^.-. *. 
a • « ♦ 
(T Uf U« U' ' 

X ■«, 

OO c 

-H—   ».   -—    - O 

r «kir ir IT IT ir 
»1 • iiti 

* « « ♦ ♦  ♦ 
U> U. lb Ui U.' UJ 
• r^^ x » e 

o e c = =. 

a •  ♦ * • 
(ft U. U. ,U Ul 

C T * ■# *>«(«« 
c c c c 

*  • ♦ «   * 
u.' w i^' u: w 
rv n, (V M (\. « * « « « 

r1 ^- e p 
in ir ^- « 
9 »^ir pi •  •  • • 
III! 

c —— —— 
a « * « • 
1/1 U.' U. ••> U 

p •>* » PI 
^ ^ x * 
r c  c c 

^  c  c   < *f 
r-9 o K P> 
-• c c x a 

<<c < irr       v— 
•   i i  i  i 

♦ * • • • 
UJ u.1 u. u, a. 
^ —I «IT 
J »T ♦ # « 
C-    3 CC   C 

K M 
« X 
X u 
K X z ee o oo o 

a*«*««« 

m mtfi M    iniPir «TIT 4t rf-ir •/> M    ^ imo in mm mmmM    mjurirmntr-Aitiv     rjrrrrirrrp'^     r if-r r s*\r t\ vr r 
« s « i « J T « « ^  ^-f- ^ 

. z o c o o c 4 
' 3 ♦    ♦ *   «    ♦ 1 

j T x r * c 
. X oo o c < 
' 3 ♦    •    « •    I 

)  T X  ST . f eftc 
' 3 •   •    « 

mpi PI PI PI PI 

* x     -*— ^•—— -• -*— — x 
o MM «a 
9  « IT » -C 
M^PI ^ m 

«M 00 iT O 
9 M M e 

o Ji K x 

a -«m m 
i*. *n M #n 
^ « ♦ — 

PI 9 M« O 
it. n * * T- ■ 

►» O^" 
Jl "^ »T 

X C T  X  X  T  i 
oe o eo 9 • 
• ••«•« i 
Ui U' Uf UJ Ui UJ  1 
^ ♦ — » o -« ; 
A«w 4  « « 4* 
— ♦ * -* > « ; 

r x i r x 
x r « o « 
3  *   «   « • 
P UI UlU U' 

tVM -*• 
* * wi Pi 
— I X  * 

r * T  i r 
n o o c  o •   * «   «   « 
U U   UJ U! UJ 
X « PI x.^ 
IT» p1 ir e 
0*w X   X X 

J T I X  X  « 
. X c C  » C 
f 3 « «   •  ♦ 
- C u U.' UI U 
3       X S « K 

v * m — 
!        X X »  M 

X T T T « 
C   ^ C 3   O 
♦   ♦ ♦   •   ♦ 
Ui u' u. hi U 
X9 ^ M r 
f C -^ K iT 
.» X  —P IT 

^• — 9 ^f- <•  <«« « 

i « a« IA 
i cc c u- 
i « • « a 

> « « C  K« 
a e c c e c 

-   ♦ ♦ «   - 

e9» 9 «ft 
c c c c u < 
• • • • a 

A,n. MA. » *- ^-^ — 
i 

Iff  <X C  «   999991 
ccceccccc 

«  « « <# P»M IV— — 
I 

999999999 I 
cc ccc C CC C I 
•   ♦   **•   «««   «' 

P'MlVIVP'P'P^P"  P* ■ ft (v iv P P r» 

^ V»      9 9fl 

4«  9 « 9« < 

99  9 9  «9 
• »99 9» 
9 »9 99» • • • • • ( 
9 99 9 9 9 

UJ UJUJ ► 
9  «9 • 
9 99 H 
9 99 

• • •   •    • 
<r 9 M am 
• • i 

a c c c— — 
> o e oe o • •«!• 

UJ UJUJ U.UI 
— — 09PI 
O O 099 
0 0 099 

m 99 PI 
•- 9 P 9 
c 9 C C 

«^ M m9 ( 
9 < c rv r- 
c — iv — o 

I CK MM OPIPi 9 
' 4^« 4*>*~-C 
:^t»9K999S 

• fV:MIV)(\jMMMU       MMMMMMMMM 

• I 
W UJUi Ui >> 
« 9 M M  • 
• 9« 9 M 
9 99 9 

»M > ee o o o o i 
I   I   I  I   •   I  •   I   I 

ITPI O 
9 99 
9 99 

-999   999 

9 mM 

9 99 
• •   ■    i 
9  9 9 

•u u. w ] 
o9 a> 

m KK i 
9 99 

i M > COCOCOOOOM 
I   I   I •   I   I  I   i   I 

W, U U U' UJ u 
MM MP^ 9 P* 
C 99 9 «9 
9 99999 

UJ u, U.  1 
— a; X 
9 r- K i 
9 9 9 

» c e i^ — 
> o e o c 

•   ♦!• 
U.  U u. U — _ ,r « 
C C 9 9 
00 9 9 

999099099 

U U   U   U U   I 
f^ p^ M Pk m 
K P» r» ^ r^ 1 
99999 

•00   cr C 9   99 

ICC    CCC--"- 
>OOOOC occ o 
•  ••••••II 
U. UUJUJU.UU uu 
09KirM9 —iTlf 
— c OOC9K «9 
OCC OO 9 9 9 9 

*-—  »•>M90  99 

99  9 9 9 9   9 «9 
MM M MM M MM M 
• 9« m mm m mm • •  •••  •••  • 
MM M MM M MM M 

—■ m < 
o»PI . 
MMM 
•    • I 

fM P» X 
«9  4 •    •  ( 
9K a 

MO » 
O 9P| 
o «m 

UJ  UIU1 
9 M -• 
9 Xfn 

— p» > 
9 >« X) 
9 9 M 

Ui UiUi UI UJUi 
9 9« «^1  O 
•*• m x m PI 9 
9 m — «-—•• 

Ul UJ u 

-♦ « 
f» m c 

-• cm M 
O  -« Jl   -* 
O 9 «T 9 

UiUJ UJ U> Ui 
■>J  09   » -• 
m ^ 9 9 n 
X C9   K (V. 

.t U*UiUJ UIUJUJ Ui U P 
>M n Pi— P»9 «i • 
• « — nn 9 * as 
t   IT Pi X M «  « <V  C 

-« —Pi 9 « 
I    I   • 

»«««««xexe      ■ccrax««9i 
^-oeocooccc     ^ecucocoo 
>-♦•••••♦•♦     ►-♦♦•••»♦♦. 

. KUiUJUJUlUiUiUJUIUJ    •►-WWUIU/UiUJUiUiUJ"»- 
9 9 — 

9   9« i 

c c a < 

i999999990      «9-1 
mm 9 99 9 99 PI 9 1/1 i 

— .*——»*———  II       ^9-   - 

»•     K r-r ^ p IV »■ ^ 4 K 

m» i 
1  IT« > 
1 9   O - 

9 - . 

mm f- 

»- ♦ • • 
U UJ UI 
« «PI 
M m — 
M^ 9 MO— —— M  ■ 

9 99 9 9PI 
I    I    I   I   I    • 

X 9 9 9 0  K X 
*- oc c c c c ^ • • • • • • 
»- U' U U U U' u 

IP K PI PI —K 
C 9 O PIK M 
»n pin —«ix 

X ■ o 
cc o • «  • 
uu u 

PI — PI M 
M  • 

10   9 9 9 
•- c. c c O 
►- ♦  ••• ♦ 
K U   U. U   U 

C K 9 iT 
m x 9ir 

PI 9 PI PI PI 
• ■ I   I  • 

O 9 9   9 c 
c c c c  c • • •   •  • 
U U  U.   U' u 
cm 9 9 9 < 
9M —9 e 
**m m 9 9 i 

1990   0990   9? 
-ccoeecccc 
-♦•••••••• 
■ U. U U. U' u u u u. u. 

— 9 — M K 9 — 4 9 
CXC9ir9PI^4) 

■^*> ♦ 9 9 mm  " 
•  •   • •  •   ■ • 

n9 »• c e oo» 9 * 
Pl^ 9 M(K. M PI9 M 
9cX^-—IV  coc 
• •••••••I 

M IVJ « ——— —PI b 
« I    I     I   »    I     •   I   c 

«99999» »»»  m »9 9 9 tt «9  9»»0 
-ooooococcpiKc eccooocom 

oe e ee e ee o  • 
piPi 0t mm m mm m M 
99999999«   C 
•   ••••••••I 
MM M MM M MM M Ui 

pk — M9   9— C— 9    •       99PI —M 9 m kf X 
M9>o — f^emm^M    «taate«»!««!^« — 
fVC   Cft    «9   C    ♦ P^   c        ■   ««^••9PO   *   C • •    •••••••! •••••••••! 
ft.«.MP>Plft.rv— <U.       9MPI«m««M9U 
• I   ■■•••••ft      I  I   I I I   I I (   I p 

29   a««  999  99   9B»9999»999r*} 
vccecc occcm^ cc ccc  c re e —i 

l- UI UJ U.1 UJ 
>     i/i m — — 

[        K  9l 

UiUiujUiui     ^wuihiii 
— X* 

9PI  3 ift M • 
P  «    X'C  I» 

—Ift,  •     « PI Pi #V ^   U. 
11(111111»- 

t C  * » 
**   S-tM 

■ c r ~ 
i • • • 
• IT ■   — 

99 PI • n 
!»•»  —— 9 
9  ft U   C   9 

K iv ^m — 
■  I  I 

9999XXX9« KXKCP,9rr>< 
999999999  t      KPIh-PI O» 9 m — ■ 
999999999-      rmiV9»m —ITK — 

_i « 
UJ i 
o — 

—       •  • 
c r « iv  x^ if e P 

PI—oc^or-o» i 
^^^«■-f-CP-«. 

X— XPP^^Bft 
O^ » P*M9 9 IT IT   a 
ccccr  c P a — - 

4 r i- *- < * it  a m 
PI o"x 9 c p» !»■. 9 m 
It if if *   99   CO» 

-PI X  —(V IVi ft' «        « ft  9 IT  — • 
.III 

BC«C9»XI««)C-'B»(0SCa««|CSv 

K oeooo oee o M ^ ocoo coe oew ; 
■(••••••••• !€••••••••• 
^- Ui Ui Ui Ui W UJ Ui U) UJ KUiUJUJUJUJUJUJUiUJ 

9  9999XI999 mM09mK«»M 
— M — — — —— m —C-««m99Xo 
999999900 PXftPt<9P>9 — 

. _ _ ft — _ t 

-4 \f ■* 
> If ^ tt 
- ft,   ft PI 

^ ft   ft   ft, 

9 < tf   * P 
*l PI9 C  « 
« X X  ^ X 

ft ft. ft ft ft 
9 9 9  9 9 

UiUiUiUi  UJ Ul U>  UJ Ui 
ox — o «mivic» 
x ft ft. x xft>«<v« 
«c—9  a a a   o K 

^UiUWIuutUiluUJU 
»—♦9o»^mM 
ft9^9XCir4P 
— — c   l r- i^ a o   o 

X9X«.ft.C'vlX — 
ft^KXP'ir  * a i/ 
X  Ifpl If    X ^  ■   K ^ 

K K 9 K 99   «9 9 P'Pl'^IXjftJftftjMfti 1 P| f^ P* (^ P^ PI 

«  « 
ft P 

«  9 

Ui MJ Ui UJ UJ 
^- 9 X) ft. 1/ 
9 XO r^ X 
P   tf IT   t/  « 

« 9 •   • « 

ee o eo o oo o 
—      •  •   ■  ■   I   l ■  ■   ■ M 

UJ UJ UJ Ui U* Ut UJ Ui UJ 

I-    •       9 « P 

^ 9^ I 
■ mm i 
>9 m . 

oocococec 
■   III   III    I   I  r 

UJUiUiUiUiU' UiUJUJ 
X f" OPim« KKX) 
PIXIX) *- 9 ift * «nM 
9 —K PI» m — P- PI 

coceoccoc 
I  I   ■ ■   I   I •  ■   I 

I wu. 
i * m 

mm 
i »m 

u u u 
C f- -c 
«PI M 

ccoccorec 
II   ill   ill   I *r 

•^ s x ^ 
» — K PI 

U'UJ i 
«9 I 
9 m » 
» m ■ 

C  C|C,  c  c-  C   c   c   c. 
I  I   I I   I   I I   I   • < 

u.   U.UJU     U. U    U     UiU1 

■nx»^-   9/19  IM 
»—Ki>xi— ^-Pi 

ccceccocc 
I    •   l   I   •   •  I   •   I 

UJ ujibU'bjiwuiu'U 

-  —  ^IVftP-^^tfC 

coocoocec 
•  •   i  i   i   i  i   i   i 

ox 
•-o    f-^i-K^mmmmo 

—     i ■   ■ i ■   i ■ - 

• Km PI c • K mm 

»-IVftPX   9XC 
w u 
IMMMMMMMMMM^- 
X     occccccccx 

■  ■ I •  • I  I  I • 
•     ujuuiUJUkJUiUJu.   • 

—      »P1. «C^CXXftJ — 
mK9ft«K   «9   c 
PIPI P-  9 9 9 9  9m 
•••••••••X 
MMMM MMM MMO 

*-   ft ft   P   ■«   4   1/ g   — •• ft ft p   •«uc ft ft p < -J tf 

( M M M ft' I 
c c c c < 
•  •II 

U   Ui U   U   i 

i9irXK«»c C~ftPi«llXK a o 
m mmm 

; ft-p- x »/ 

• c ir 
C   ft. 

i   4)9 >   •    • 
mm 

U   *J u      • 
P- If 9   •- 
9 if m 
X   X 9 
•  •   mm 

m mm o 
a   9 c C  ' 

— UJ 

c c c c 
I I I I 

u. u.' u '•*. 
tt tt   c - 
X XO ft 
X 9 X ^ • •   •   • 
X V X X { 

ft p -« y  * f- 

ft a i 
x i* ( 

c c 
I ■ 

. UJ UJ i 

CCCCCCGCCK ■ I 
< A. u.  u, A. u. Ui u.1 

■  9 K   C  P   if   K P- 
T X   9 9 9   rr 9 

X  g       M— — — 

i e - ft p'« x 

X 9 • 
» 9 I 
9X1 

€   C     t    c   c   <-   C 
•   I   l   l   I   l i 

.41 Iw UJ U   UJ U> Ui 
X C —f 

; C r — • 
> x mir< i 

i   i 
u u 

^  r-   O    9   C   U ftP'XX   *^X   0   c 

(0 

I- 
< 

O 

< 

3 
z 
5 
D 

U 
-I 
-i 
< 
z< 
—   uj 
V)  Z 
Z I- 
2o 
en 
2 
a 
z 
< 
V) 
HI 

% 

cc 

n.   o 
a z 

o 

S 

oc 
Hi 

a 
UJ 
DC 
UJ a. 
< 
H 
LU 
I 
I- 

3 cc 

OC   U 

n 
m 
UJ 
oc 
D 
Ü 

90 

/ 



c 
3 
in 

a 
u. >- 
_i 
u. 

o 
iij 
a 

u 
N 
O 
«I 
S) » — 

> »- 
►- 7 
•-■. »^ 

If C 
z a 
w 
ou. o 
c •-> »- 
O h. 
> u. 

-1       >-        UJ 
3 «D»- « 

eo 2 O 
I      bj -i 

-z  • u, 
(/)  « M bj   X 
3 «« X •- 
c  «as a —     jo 
m     wo »- 
M • (9 > 
u. UJ «      J 

X X O -I 
>■  «  M  UJ 
»-OO w n        > 

t- ir !».■     ta. 
v «ac w x 
■♦     3> »- 

v ■ a*- vi 
• w« « M 
e -»ot _i 

ow M — 
>•    a -> 

• UIÜ • 
<-• «H« K 

lAl        •-•*-••- 
»-  • »- -I 
« • O V -t 

• OU1 U 

a m « « «IT m « « « mm a> iv 
oo O O c o oo e o c o o o 
l • 1 * I « i * I * •  * 1 * 

Ui UJ UJ UJ UIUI UJ UJ U.1 Ul uiui Ul Ul 
« ■o o ■* «K » o K * p> pi o o 
Of- « 03 •-< o -"» OC   « IHK ♦ p> 
K ■• — n r a r » r- if r ^ * r- 

o o e o m« IM M »«m M m IM — — IM — m o o _J 

« m -* « «m m <c ♦ * mir CC   P- UJ 
c c c c c e r c c c e e c c o 
1 * I « I * I  ♦ 1 • l « 1 « 

Ui u> W b.' U.UJ b.' bJ Ul u. UIUI Ul b. I -• ir « Clf * r^ PI « IM- « M Ü 
< 
bu 

o ♦ IM -. a « in « m m m« t-«M 
■» -> «  O f-K ivr- K IM «m o <o 

c c c- c ir Ri - - IV o. 0- r ♦ IV - IV ■• •- c c 
2 

r» D ♦ m «« pi « PI « mm CD  P) 
oo o e o o oo o e o o oo 
1 « I • 1 * I  * I  * i « 1   * 

Q 5 U' UJ ui u b-Ui U UJ Ui Ui UJUJ Ul u » •# r~ » ►- « C " r- r- O IM r- o — 3 
lf> — !/> n o » -i» OIM r-« m « 

>l OIM ■n •» r-m ♦ » — « i>r» •• » 
e o o e •• « —i f» » IM M « — ■» PI** r- IM o o t* r- r ■• IT pi« PI <c p « mm I  Pi O _j 

c c c c c c c c e c c o c. c 
B:< •  • •  * • • • • I  ♦ 1  * 1   • 

Ul UI ul UJ UIUI Ul UJ Ul UJ UJUJ Ul bJ Ui 2 

il 

or» !•!  »• *» mm * « »m «  * 
xO « » -«K «MP1 (M (T pirn « o 
— M » IM ^ m OPl » «0 mm c « 

e c- « e <vd -O |J< IV It .- »• p * <  IV c c 

»>. « •  « *» s- ■•» « »» « m« » 1 
CO o o o o oo O CT o o oo 
1 * 1 ♦ • * 1  * 1   « i * 1 * 
u u u u. u u b. bi u u U.'u U. b. 

Ul  UJ 

»« em r» o as m h- »" » o » m 
r- M » r» »m M » « « SI IM d o 
K IT ♦ r- IM* m m » m IM — ^. » 

c o c o « — <• — IT ix P>S » h> m«* •• — c o 

< 4 r *. f K P- K r <« IT IT «t  P 

o £ 
cc e e- C C c o c o O C c c. 
• * I • 1   « • ♦ I « 1   * 1  * 

UJ UJ Ul Ul UIUI uj UJ UJ UJ UJUJ Ul UJ 
at ir ■C IM |"IM IM« IT x r-« m IM 
f- < e »- r- * P- •> a c c r »» ^ 
IM» •M« IM« >-« x IM mm « « s< c c c e X*. — r- OC IM « >- — ■« i- * i^ — c c 

■O « n « IWK PI r> « « mm C M 

IS 
"-1 

OO o o oo oo o o o e OO 
• * • * •   * • * 1 ♦ •  * I  • 

UJ Ul UJ UJ UIUI UJ Ul Ul Ul WUl «1  Ul 
«K Mm e« m « IM ■• m^ e as 
■Mf- m o f-K » ♦ « (M ♦ r« o « 
»m — « OIM a m c ■« — — IT » 

o o o o 
•    • 

IMh- >*<•) CC*IM • IM PI * IM» o o 

»M IT. IT !•» h- IM»» «MK ■• « mm a p-. 
e e e o e- o c c c e e e c c c-o H t- 
1 • • • • • • * • • 1 ♦ 1 • 1  • w 

UJUJ U Ui Ui UJ UJUJ UJ UJ Ul Ul UJUJ Ul Ul -, z r> x » IM IM » irm M5 a « pim — m -j _ 
♦ — IM « « -O IM« « o -. s ♦ — — m 
IO« Ofl m M IM« o«* ♦ « «m ■• ^ 

•    • 
e c 

• • •   • 
n -« — m MPI • IM — IM ■• — o o ■T 

»IM mm nK IMK IMt- P» « mm 00 PI n 
e e OO o e OO oo e o o o oo 
• • 1 * 1 • I • • ♦ • « 1 * i  * UJ 
toiui UJUJ W bi UIUI UiUI u w Uibj bj UJ OC nS K» IM e •1 OIM » « Mm — e 

9 
ir>« «■« « « e» «*<• M» c e « e 
«o »M om «« MM o « mm PI» . • • 
i«-ri 

•        • « »• •«w .MP< — IM — M KM o c IL 

Ml« r\ m » ♦ ■  • m ■ • « • ■ r- ■ • •  ■   • » •   ■ o ■  ■ — ■ ■ .h At .1^ .is .h .h .h .h vis • i s 
K WW K MUI KWUI >C UlUI X Ultel ICUJUJ X UJ Ul K UIUI X Ul Ul X bl Ul 

91 

■ 



1 

o 
or 
I 

c 
tj — 
v e 
X bi 
>-a 
■ ii 
on 

T — 

II   • • 
«O V 
X OK 
U  ■ x 
o » o 

o 
y • J 
-H  »   1»; 

a > 
u) ll 
T  B b. 
3       -I 
_l   • O 
O »- x 
> ►- •- 

»   ■ «I 
ur- a. 
k. 
1/1   • lu 
O > «5 
a >■ « 
c i/ia 
^-   M  i*. 

in 
ZK» 
•- ir w 

I 
>■ »3 
•- ►- J 
•- ►- O 
UK > 
0 II 
-I  » O 
Jj       -• 
>  • u. 
• M   U 
a •- uj 
< • a 
TWIT 

I/)        • UJ 
z > e •-^- >- « 

c —I 
i<r « u. 
v v r > 

J     « 
IB   • ■ 
ll*-   K  — 
XT » 
J     *-   • 
U. •   ■ l/l 

(/> —1/1 
re u 
uui • a 
aw »- 
b r u w 
aa a 
« c > u, 
!-•->- 13 

in« 
2 O 

irr ik «•- •> 
- 2   1 
— *. C  U 

1 —c 

«>-   k.   I 
X 

I    II  Ui 
z a • > 

i/</ u t- 
suac K 
O — UJ z 
aa T 
ic i u. 
•-•-     a 
u.ir UJ 

—-) r 
x " ■ 

mi/i c * 
f-i/> Z o 
vb, c a 
«x or c 
iv»- z 
vir 
s u a 
exec 

c 
«J 

» a 
UJ a 

uc lu 

«a b 
ricii- 

IAZ 
Z •- 

o ecoeooeoooeeeoe« —^ irifi99v«^-^^i\iifv««K«K9<^eifi — «K«f*i(»«ir(u^« 
o oeooeo ooeeceeeooifi—^i*>^i\im^a «o^^mcmmiwe —«m«« o «« inoocr-^n 
eeoccoeceecceecceonKc«luc««v.CKFi*-«niHi^ir«-«e — ^pM^-« —<»«K — ^C 
ocoococoooeccocoeoo—r-—«.««Mm«»©!" —f-K»ir«»c-<»oo«'r. <oo> » « IM « 
oeooooooooeoeoeoooeoof\iir»me<oirif>« — ««—iniltf\i»in^9K»4i\ios9»9<A 

eccccccccecccccc '-^•ari^ircciAcin^^'"      I»-«VI^I^I^I\.MV,KIV 
I   I   • ■   •   • I  I   I • 

ooococcoccoocoooi\jm*j«irfvjiwir-#'«o> ixim IVI» inoiTAtActr.CMtfiK« n ♦ •* <n K o n 
eocococccoeocccc — ciri/iir'-iri/i»ir««»e«»««m«r-r-«:««««ir«r,««K* 
e oooooooooooooooc—<cirir'-*K-«fi a m « » r- 9 i/*M*«*m**»ceibifi9ftiifl«e<\i(\i 
cccceccceccceeeeccci»'«ifKrT-r-<cone<<a«^<»- r^ e — c ■  «^ »c cv c 
o oooooooocoococooooc«—•«oo'^o^m«« — ««oiom» e *K- a K m oiof- K. ^-1/> M 

oocoeocceooooocc ^-ivo-^-^ir^p-tf-eCÄK** — •^•«.^■♦i/ii/^ir*-#-#*-# 
llllllllllil 

o ecoooc oocoooocoo IV9 KVtftin «i*ini~9a ■«•«MAI« —» —* o >o » f^ o ft* *9 9 K o<fi 
c oocooc ccc-ooocooctTftii-ir-r oOf^^—«trKtrm (us Kf-f^irKO-^c — ■#9-#—^-x«. 
oooooococoooooooooinK-(\i««»«—Kin« —K — m fy W"II/I K ire«<AAi«(Mm c i/t<A o 
ecoooceeoooeoeeeeoo«*>fei*e*4>cir«irc'inK***49 c^ir—oir«««—co» 
eeeeoceooo9oeoooooooe(w<neiAo^)ri/i« — ««ixj^-«««»«^^ini/i«fM(wi\ii*i — 

eccccccccoccocoo ~»-fvftim«irt<c<<«ir*«mni 
• •   i   ill i • 

cocc<-oo9or>oc-oc>cm9»-39i^«f^^(V'9fvi^fbi\itt«<[-«ir«mfter<£<Aoiv><C4>4)rr,K> — 
ocoococooooooco — cs xivo—cr(v-c»<fxn<ru<»irfy'-<i*> — oo-#i»< IT -- tr x > * — 
c•ccccccccc■cccccc••<^fc■♦«*^-clfr'^9«^'lr«»c^-^^'-l^•-«'lv«clr,*•-—I'^IV 
ceeccoceoeoccoeecomr«csv<cir««e««o« «-ir c «a K K •- <-»•* mh- e — 
rooocccccccr. COC.C-C-CCC-*--*—c^-cf-i/*ir* — ■•■* c» i\«)ir»r>**)«^ir i^.cr a a- a K 

cccccc  ccr-ceeccc »ivr '•'«ir<Kaaaa<(iriv I iv r- «IT 

ooooeocooeoooeeo««o«9*«i\in»«eCiAo^n(vjoinivjinri«9<Avifv««^ir—ivifn — 
o ccocec c ccocoooooir« msi^ivifnirir^ivj« «IT (viir^ — --IT « — c» a IT I/I o ^ a inr- « 
o oec eooooeocceeeooi*>« < — eivj9 •* «n no- c IT C-C* ♦ ri — ivirt iv # — iv ec — m —iv IT m 
c cccccccc-rcccccccc^f-r-irr-<»i/—oac^c^^cvcat «ciro*-(V^lvc«4& 
ocooococcooocococooccftji/>oiroK<£ir« — «4fviao^-^c«on^pnr-r^<otr«K« 

o sooooc oooooeooo — ~-iv.ft.f*».*ir**<«irir#rv—     — iv* 
I   ■ • II   ill 

c occcoooooeoooocm ftiir <<^. ♦——«■#K«>ffj/t»*KK-Ämivj(in «tfiKttVK»—^9i/i(vi 
oocooocoooocoooo—-«oo^^O1—iroiiv^*^i*)eai*>«mmass-«ivi^-m^«(VicD'^sivj—o 
e c-c-ccoocececccccc'-Ko IT ff ff fv a ■« r i^. a c 4oa-««<~cccff *>«— CKO KK—« 
c coecoocooooceooc-co«*iir^ini*>m9ir^-9« cruirv «IVI —»OVKIVJ« IV or — IV. IT K * 
c  ooocoococooococcooc—4»-«'— {VicK^oir-f — ^^crvenvf^-tfaifV'^ivj«^«*)——ivj — 

3   339000000030303 •"•Ml   • 
lit     III     I   I    I    I   I 

c c c e- c c c e e e c e c c c c« < — iv IT » (Vi — i/ r> <•> <•- »■ ("a « « c « K * a <cini<r«n«««Br>'« 
O   OOOOOOOOOOOOOOOOI/HO^OtAiP-^'n   ca «  tf>>'^i>9«ft*K—IWO' — --^-'^   OI*)K-0<O  — 
o oocooooocoocooccor»«. r-Ki» m — K c (vmeiTKC —•CKIT« or — (v-^iv^irxaciTftj 
o ooc oeeooocoocooooo—r-mtCtf^O' IMO^ IT — oemac rvj ftj ^ a «ftiir^^ IMOCI o IT ♦ a 
c-orocoococccoocococccivirotA—«**ir — «*iv*»r)*iviairic>crK-ccoc — c 

ccccccccrcccccec •».      Ii 
I    I  I   I   I I   •   I  I 

cc5©ccjccooooc.ooco(*»*r-c.ir«o«i\iirK«ir*oc^®(vjo(VK  4(vi« r.r^ m*>*> — e •* r> 
e  coccoooucococcc— — rw ru * •> offnmv» oa> «ivitf  iv.» Km«i«iph.o0IVj« c cr i*- — > x x 
C  OOOOOOOeooOOOOOO -"^ » f> — « 45 .A •"•   — ♦  # IVIN- '»(^»«»(Ainsoo-*^- ♦ ♦ ♦ r-   # C A 
eccccctccccccccccccrtfC*Karvcr^tf^cc<r#^»rc-#Utfcf> c ft <   l\ <  r-   (\ 
c occcccecc-oeeooecceo — ^——(Vi—tf<A«tfi — «« — «ivirn — /^KCI» * a» ^ * * * IA 

cccccccccccccccc «-ftr^^tf^K-avatfKtf^ft       «-ft^-tfirtfui/i/irir 
• llllllllll 

ccoc'CcccocccocccKircccrffs—9ir—cc^^r^oir^r-ciu—ocr*. c(Viftjo4)ftj*rir 
ccccecccccccccccci/c«ctf<r<ir^ci»ivj9—rt —94C—««(rpico^h-^^^Kft 
cc-cctcccccccccc.c.cccoaft<t<T«ft.tf-r-<<vr-<<<oifr-tfir — cac«c<K<r 
cc^ccrccceccccccoccc—K^Kf^cir-#fterr-ccc.c**^K<(V* ir ec IT a c P* — ^ — 
c   oecaooococ-ooccccooooftji/ic^D—9r^^>irMi*)<«ivi9«^« «om«K. 4-***iliir* 
9   C   OCOCCOOO' c o t c c — •-«^«(••»♦»«««««iMr^mft—i—iwr»«« «««« 

I   • •   i   I I  ■   I i 

c o c o c o o 30090000——« ftii/vi>imP-ivr>3eo —*#-oor>o{j« 09 — ni^K — i/>«i/iine9 — 
ocoooooccoooccoc—p-cnnci*>ir<««^«*-Ch-««^cirirKc(vi<o« cervir-K^ir 
e:occ-oc-cccoccoccooc**f^a--ft.ir'-*ftc-*ce: — ^irKaKcir«tr« «r-o^xni^ 
eeeoeooooeoecoococo —m — ivm—a^r-ir — m« —miPooKSiviiA^i/ieivi———c 

c-occcc  ccceccocc — (v f ■♦ -»ircr-xectrxK-Oirf • (vj m -# ir<£««««(r 
1 •   1  1  1   1 1 ■   1 1 

D 
LU 
AC 
LU 
a. 
< 
I- 

a. 

< 

Z 

W) 
UJ 

IT 
O 

X 

Hi 
cr 

5 
D 
Z 
S 

< 
Z 

S5 
^1 
I« 

CO 

UJ 
ec 
D 
a 

/ 

92 



ÜATE   a 
FldHOUS 
1M4X« 
üELTAT   ■ 
THIU   • 
IfRINT   ■ 

U/05/73 
ARMCO   IftüN 

läU MIKR ■ 
SiOOOe-UB CUSQ « 
l.SOOE-ül 

s 

311 
4 b 
h   ö 
5 3 
5 6 
blb 
6 4 
6 
7 
7 
7 
H 
a 

9 
210 
Mb 
2101U 
111 5 
211 
1   2 

2 
2 
3 
3 
310 
♦ S 
* 6 

NK60 
1 2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
i 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
k 
2 
i 
2 

TAPthEU FLYEK   SHOT   Sl 
NMTHLS« 2 UBUNU 
*.OOOE*ÜO XU(2)> 
0. 

0 
112  3 
12  2b 
1   1   21b 

3 ♦ 

IFCUT   ■  0 
•l.<i33E*u* 

TIM«lITH 
TS« 

1.00Ür*oU 
2te0UE-16 

2 
1   2 

2 
3 
3 
* 

* 
5 
S 
510 
b 5 
b b 
7 3 
7 6 
710 
ö  4 

i s e 
2 V  2 
1 <» 
2 9 

1   2 
1   1 3 

« 
4 
5 
5 
6 
b 
b 
7 
7 

i 2 nu 
116  5 

1 2 
1 1 
1 2 
1 1 
1 2 
1 1 
1 2 
1 1 
1 2 
1 1 

KPRINT   c 
12   2   3 
1   1 
1   2 
1   1 
1   2 
1   1 
1   2 
1 
1 
1 
1 

1 
2 

1   1 

1   2 
1   1 

11b 
210 
111 
211 
111 
2 2 

1 2 
1 1 
1 210 
1 110 
1 211 
1 111 
1 211 

1 2 
2 

a B 
9 3 
9 b 
91b 

4 

1 1 
1 2 
1 1 
1 2 
1 1 
1 2 

2 7 
210 
3 5 
3 6 
* 3 

2 4b 
1 »in 
2 5« 

5 
6 
b 
6 
7 
7 
a 
a 
e 
9 
9 

10 
2 ♦ 

91P 

I 2 
I 1 
1 2 
l 
1 
1 
1 
1 
1 
I 
J 
1 

2 
3 
3 
3 
4 
4 
410 
5 5 
5 B 
b 3 

2 b 6 
1 blO 
2 7 4 

7 
a 
8 
8 

NJtU 
1 2 
1 1 
1 2 
1 1 
1 2 
1 1 
1 2 
1 1 
1 2 

ARMCO FRACTURE 
TSR ■   -6.oooE-(;*-2»(J00E*0ö 
CA a     1.589E*12 OB a 
EU5TM a  2.500E-01 CC a 
YCC a    5.500E*09 YCTa 

1 HO 5 
1 210 8 
1 111 3 
1 211 b 
1 11110 

2 2 3 

1 
2 
1 
2 
1 
2 
110 

1 210 
1 HO 
1 211 
1   111 

1 
l 
1 
1 
1 
1 
1 
1 
1 
1 
1   1 

1   2111') 

2 
1 21b 
2 3» 
1 3 a 
2 * 2 
1 ♦  6 
2 4  9 

2 7 
21P 
3 5 
3 8 
♦   3 
4 6 
410 
020 

2   1 
2  2 

2 
2 
3 
3 
3 
4 
4 
5 
5 
5 
b 
6 
blO 
7  5 
7 e 
8 3 
8  6 

1 810 
2 9  4 

9 
1  210 
1    110 
1   210 

111 
211 
31110 
2 2 4 

TENS a 0 1 0. 
küfCO  IRON HMO   ■ 
CA   a 1 .589E< »12 CB   a 
EQSTH   a 2 ,500t-0l CC   a 
YCC  a 5, 500E*jV YCla 
TENS a 0 * (<• 
NZONES  ■ 1 OELXdl   a 
KROaS  a lu NMAT  a 
ITAPERO ■ 1 XLTOP   a 
NZONES  • 1 0ELX(2)   a 
ItHOaS a 3 NMAT   a 

FIGURE B-6 LISTING OF THE 

7.850t»ü0  CFPa 
5.000E-05  4.b00E*12 
5.l7nE»12  EUSTE   a 
5.l7oE»13  PM1N   a 
5.500E»09  MUa 
1.000E*Oü-0. 
7.890E*00 CFPa     000 
S.l7oE*12 EOSTE  > 
S.l7oE*13 PMIN  a 
5.500E*09 MUa 
1.000E»00-0. 
6.313E-02  OELV   a 

1  NCELLS   a 
1.578E-01   XLBOT   a 
7,OOOE-02 

1  NCELLS   a 

410 
OUl 

2 
2  . 
2 
2  i 

DPYa 
'3.000E*09' 
7.36bfc*in 
•9.999E»12 
e«l9bE*H 

■0. 
DPYa 001 
7.3büE»10 

■9,999E»12 
e.l9oE*ll 
'Ot 
4.i33t-0) 

9 
3.156E-01 

1 1 
1 2 
1 1 
1 2 
1 
1 2 
1 1 

23b 
2   5 
2 a 
3 3 
3 6 

1   3)0 
4 4 
4 
5 
5 
5 
b 
6 
7 
7 
7 
a 

1 i a 

1  2 
i i 
1  2 
1 1 
1 2 
1 1 
1 2 
1 1 
1 2 

8 
2 
b 
9 
4 
7 
2 
5 
9 
3 
7 

8l0 
9 5 

12 9 8 
1 110 3 
1 210 b 
1 11010 
1 211 4 
1   111   a 
1 4H10 
2 12  5 

1  2 
1   1 

2 a 
3 3 
3 6 
310 
4 4 
4 a 

NCONa        1 
4.bboE*o9-o. 
EUSTG  a       i.69oE* >U 

0. -0. 
NCONa 1 

EdSTO a       1,690E>-0 

U. -0. 

MATRa 1 

9   MATRa 

LISTING OF THE INPUT DATA DECK FOR THE SAMPLE TAPERED-FLYER 

IMPACT IN ARMCO IRON , 

93 

( 



X. ** r* n* f* m m m — Xt^.i 
zooooooao Zo< 

» ar- «•• «« « t 

• •••«•••• • 

J IU W* Ul «I Ui Ui 
ION« >4« -«irt 

i  9  O^l -^ « (M S 

-*     »«««««««run     xm 
ZO'OOOOOOOO        29< 

U 

> 

• '•••••••• • 
m m rw tu .-* nt n« M nj (V 
• ••ililii • 

^ « ni 9> ■>• nj» 

C^fWi-Urv-gnjrv-« t 
200000000 ^ oooooooo 
o*«««**** a *«•««••• 

*■ 

M^(UM# <=>«« ^«»»m««« 
K « or^ « » « « ^rt» «r- ♦«S' 
»««cm^ni« «   O«   -*f^   «   -H 3 

^n « « ♦ »M -tin o — «^■•»nfM--« ^ 

rPKninmrt.nci'n« znf*mnmnnt*n 
2000303033 z 30.30   30300 

•3 

>   *« t^  -^   3     » ft*  — 
f « ^ j> < * «ir> in 

ftirtiftini-*! -WMM m 
•  ■ • i i  i  • » i 

030303   30 2   =   300000   S 

«lAj^JtAiAlUlAllAj 
« M» o » * # ^ CF M « tfl « At *>■   o 
X  K <U — (M« M J »P-—^"^   3»rn 
•»^cfin 's — ** 

» ■>i(nr>(nni>*i a «   —-M M ^ « *  iM   o 

Ert'mnMinM'n ^ ^ 
SOOJOOSOO 233rt30300   3 
♦   ♦♦*♦♦♦•♦ ?••«•*«•«    « 

I)9««^»J1J)9 
«Jl«  0 r- » « . w — KJIJ» v«ii»(n-* 
Txr-«-ft«4jnir) — ^Tx*tr«^>j^ 

• wiüwwbiwwww     nw 
•  ♦♦••♦♦ 
WUIblAltetWtalUi 

^ -. — MIU (V 

M M <V M M ^  V'W 
I    I    »    I    •    fl    I    >    • 

3 —-.— -,—-.-»-.-, 
•  ■•■iiiit 

♦  ♦••«♦ ♦   «♦♦♦♦♦    • 

♦   ♦♦♦♦♦«♦♦•M *«««•««**     V        «««««««»«'M 

toe 3 o e ooo 

u Xf- 
X 2 O z a • 
o    m 

M 
Z        rfl 

^- ^ ^ K K P* I 
ooo o o o 

U I c 
»K Z  I 

Z 9 * 

x> a a « e 
O O O  D  1 •   •   «   «   < 

• U X X C « 
»N Z  OOO 
> Z 9 •   •   • 

« CL aj x r- »- 
O O o » o o V Z  i 

Z3 ' 
,20->3   33000J 

o -•» » o« a» « 
^ «> » m rw o« o a 

t «m«K•K 

• pc ♦♦••♦♦♦♦♦at ♦ 
-•K WWWUI ww WWW »- w 
— i» «-««««««««tfi in 
• M4VIWAIMMAIMM « 
• • nnn^innnnm • ■• 

X •••••••••x • 

wwu u wu ww * 

•• in —io o< » — 

>p» « m « 
> «in « « 

I ■) « f^ flD D 
L o o o o o 
♦  ♦ ♦ « ♦ 
W W W W lü 

» ru » »n r 
D K ^ — 
n« r>| _ ^ < 

X o » » w 
ooo oil 
• « • • a 

tal W W ttl H 
9 tfl « «U 

« »p* 
^ o« 
« m« 

» « « m« « j-. ♦ in » • 
« ^ o* o . 
4> m« m i 

o i/i « in •*• ••»* ! 
to « « r^ m o —►■ 
«   _ «   3«   « P^ 

mnnimm-^-*'*' ♦ « m tn N rv > 

t T o r T 
l   J  3 o w 

•   • ♦  ♦ 
Ul  tki W I4i 
— B « jfl 
if   c c »T 
in -^o» -< 

«   •   «   •   •  T 
XI  UJ UJ  iJ UJ »~ 
»-   * f*» 4   3 71 
» n a m « 
*t 4> 1> O O • 

W W M W W lil W 
r^ h- (/t o « > X 
« * ir ivrt ^- a 
« m 3 •« ■• r   o 

5 Ti 

oi ni 

♦ <w— - 
til 
OOO' 

tf ^    «■-* U        KM—M^r^—— - • —— O        «*«•--• -'WO        *\(ip«— — —f^-MfM 

V      WlklWWWfe 
«•      o o o o o < 

•  • « iooeooooM> oooo oo & o o —• > ooo& oooc 
■   ■•lit «tttliii 

• o o e oo o o 
MU««4Mv4>4M*<»« 

» o a» K m nm 
IO a» » » » » i »o» » 

; c » » 
» » » » > 
> 9 t>  > 

h> Ui «d 
O 09 
3 OO» 

■  • ■  I  I  • I  I I 

^ m •« -•» > 
> 9 9 > ■> S > »  »   > > * 

»   -O ♦ » » » 
J UJ W MJ Ui U >- 

i*» — 3S K K • 
9 9 » S S « x 
> ♦ >  >  T 9 

• C    OGOOOCOO 
I    I    ■    t    •    I    I    I     • 
UiuiUJUJAJI*JUt4i Ui 

99>99«««   » 

«-«—9 9 9»» 

> •* -t « m m m m 

4 — 9 9 

tminm 

9 9 9 9 

mmmin 

— -•9  9 9 9  »99 ».»999999» 9  »999999   9 

JWWWWMWW W 

5i 

■   •••••••• • 
«■MMMMMAIMdi A« 

W ||| Ml U ||| w W W 
♦ om m -tt* « ♦ 
«m» —««n «im 

IM «m m « « e« fn 
n(n««-4«9min 
»»minx—in9s 

m in —9 rg» o« o 
3 9 ru « m« »f- K 
<n« o « > in ^ ji in 

♦  «»9   -4-4-4-4 nm«««inininin J <*i <n <-» ♦ .n « ♦ 

« jtin 
•» K « 
B   3« 

4t j> m 

W IU UJ Ul b 
-4 —* # B 

3 «   O * -J 

ItJ ui w w w w l*J MI ui 

9>*i-4K««p>-9ni 
r>>*>««tnin»-4 o 

« « K K p» K inintnmAP-XT' 9 

-WWWWWWWWW   •! •Toe o e e ee e o 
»»9 999»»» 
mmmmmmmmm ■ 

looeeee    »-ooo 300300    K 
-••«•••••*      »-#♦••♦♦♦#♦     K 

■WWWWWWWIilW   •KWWWIUUIWWWW   • *■" 
m enie « « e«K o    inn»ni««emgo 
n —«Ni« « IM e» •        «»tfiintftn«o-4 

1 a  o o •      «n^nofMnooi 
1  —(M« 4 
t » wn P 

ooee ee 30 
• ♦•♦•♦*••      »- 
UJWWUllÜUlUfltlW    • »- 
— «p^tDtr — ♦»« o 
» K   P«J  09   *«-#«K 

P-   -300303330 3 O  3   3  3 O   3 

UiuiUul^JWlüh  - 

1 m -.« -4nin « » 
ill 

»eeoc 3 3 3 c ' 

ftl -4- 
I 

I « « V 1 
•  O O 3 < 

« «« • 9 »i • 1/1 r^ s 

wwwwwwwww 
****************** i 
KPh. ^ K K K »«K P»-   ( 

»M -'-4-4 

ww    <«Nn«ninifWKNfwui 
OK        «llllllll« 
««■•«••■«•«•tftVC 
tfio>>ooooeoooorw»- 1 

JWWWWWWWUl 
iK«in A« —« m 
> Aiifiinn oAinin • 
r « nni « m • Mfi 

o ♦ *n 
» « ni 
m « « 

ki ww w 
9 K F> m ' 

s 39 •* « c * 
Al S 9 « X 9 

X -*•* o 
in« »4« 
ö «49 p». 

«M9   *1VK 
m» (VM o . 

»ojoioi'v-«—ui     -• — •^ivFif4|(nni(VtAi     — * — r> 

•    3 J1 -4 3 
1    •    •    •  t 
1 r» -M ■« ui 

*»««Po«»»»  V 
»eoocoooo- 

»•»■••••••••♦   <•»■•  *«**«*#• 
> p^^wtywwwwMMwiA»->«i www WW w WW - 

•     •«•«9«««« p-p-^rnxnoix« 
- -      -        «xinftix«* ^*» 1 

iiWo—miMin«*«- 
eoooooeoe ■ 
<VM mmMMRINf« — 
-•••4*44*-« 

# M» 
o» o 

p* m .^ 

I 4> X X 9 9 9 « 
» o o o e o or 

t W U 14I W W W - 
« n -4 -tf^fn 
« IM i*» n* 3—1 
♦ n » irt.M « - 

• • • « « 
r»4PKooao»ü»9   • 
■    0000O0C03. 

>I4IWWMWUI4*WW IMP-4l>AiUI«luJWMl^Umi 
X9«0-«'na^-4> ^»90«3K. " 
«X«-»——  »»«> ■        f\* -1 .0 (M M -O " 
M \' -». ■ 3   3  i» JO -- *! —        n ry 3 -n »n h-  - 

'WlilWWWWWW I 
oinin«««nc 
-4in>KO(w9«( 
^ p^ iM —»  — « M : 

— >—<MiM«l%*lM- 
I 

IXV999999( 
• 30oo>*>eee' 
■ «•♦♦■♦♦•   ' 
•4i4l4lWt4lWUl4lli 

— 3po ^ « «n x « 
3 MP* in» -M » »n p 
o M sm in > Ai « t 

. f  •       *4i-# — — ■• — ——— I 
w^   • i 1 1 • • 11 1 - r <0 <*> P« M IM Al ( 4« a n « — -4fM v •« 

"ISKo" 

>- »4 «4 e e e e ee o     •>■ 
300030300 
ll««««**«(« 
WWWWWW www 
SA-« «• - «K O 

p- *. 9 — « «» -« 
'       Al  * Al  O —Jt 9P)»     • 
I ••••••■••_j 

« •-4-4 N Ai A« n m o 
» u 
«Amnnnnnnn 1 x 

•oeeooeeetf 
llllllll! 

> wwwwwwwww • 0~34>UP-««— — 
«mf» — < on«n 
09 « a -•« »in tft 

•••»•••«•^ 
KeooAoooeeM 

■ »«» » » » »99 
xoooeooosc 

WWWWMIWWWW 
♦ » OAI# M«»*- 
» • «• 9 en «n 

P-WtalWUiUluiWiU^i 
K^«in«99 em 
9-.XAin.M9-.« 
— »AlMOAiAO- 

^-AlMiWWW4ilü<4lUi 
-»—iA*n   39 K 

-«nni« « « « «m X9  -4— -^- -.-- 

3   33330 3 03 3    »39»»«»« . ^ a » a £   > M : 

JWWWWWWWW 
>m-4*K-4«r» o 
1^ K 9 — « « X -* 
I « IM« -.*>» «IX 

»•—-«iMniiMnmc 
i 

tfAiniPMAKMtMIMfM ' 
3 0 0 0 0OOOO) 
lllllllll 

JteJUiUtUiWUlW 
«M — -»P^— «P-   O 
.->KP-»-.#«X-. 
AI^IMX — iA»*»»    • •    ••••••••_| 
•  X-4—•MAI'M'"»«" 

3*0300330« 
■ • »999999 9 
«'3 0330  3300 

J>  iM  3 — .M »   »XAI 
x —n « » —m «n M 

♦ oi>».n »»«x 
X«SJIAI«<n9   * 
x—inK-.«e«jt 

p.   ----AiAiAlAi 

_     *3^^32w3 ACj»9«a«a 

taflllU.MiUltftlUl4«i   w ^JUiUJtaiUiMi toiUfUJ 
Ö -. — « »* 3«P* -5 
«KK 9 -4# O » -. 
■MfAl»  —in  >•*)« 

*»-« — (VMMPl'tÜ        »X— — AlMM^nD 

0 •a«r>ef>-. *T J#fc1ÄE 
«ii^fc» - . « « - ->r.»J.-i«OIi 

g»\i«-/>»-> 

■     •■tlllt (Sg Ü 

< 
H 
Z 
O 
oc 

_l o 
-1 s 
< oc 
z< 
—   UJ 

Z H 

w 
O a. 
Q 
z 
< 

UJ 
w 
CO 
tu 
oc 

> ^ UIWW M W W t*l wi ^ f/l    QC 

a. 
< 

3 oc 
UJ 

OC   u 

MX 
cr 

' -M "M A* -I -n 

oeo3003eox 
■   llllllll 

>« X n«   , 
1 —* n» x Aptf)« 
mm* «me«« 

xnmininminmin 

J m « in « p- x 9 o 

^ « _    »mi 

O       -4M-4— —-— — 

m fiMm«in«K «9 

300000    3 C   O   K 
■    llllllll 

UI W W tel W W  'J U'  *i    * 
o«9(n(M««X9   — 
9»»   O  — — AjIMiM 
^Kp-xexxxc 

=   i3eOB303C-K 
■  ■■II 

r- 3  J w o e : 
■ •■■■III 

UJ'«iWJUJUiUJWJ.4iUJ    • UiltlUlWbiMWI'   t4l 
— nc«.M9iP9'>— Aim—Km3C9w 
,M.umm««inm«r mm<4.p»xx^» 
«««•««*»« 3^:333'      SO 

— O        — — — M— —  ——— C        MMMAi'M'M'M'MVO        'Am•^'n4|m4»,^ 

3e~i>Mm«inep^'^9 3An>Mm«m«r- c> 3v ~iiMn«j»«f»>v9 

94 

^^ 



« « ■o « m 
o o 9 o o 
♦ * ♦ ♦ ♦ i 

taJ Ul UJ Ul bl 
o « IS « ^ • ^ p4 

o o 
« 
00 

9 
CD 

o o =>o O r* O (M 9«M 9 M OS 9 9 9 9 9 9 

« « « « a 
o 9 9 9 9 z « ♦ ♦ ♦ ♦ 
U bl Ul Ul Ul ,»   Z » OB a> (•» » o ^ 2 O DC 

<  - 
«^ in t» « a 

•    • •       « ID N IM » ■♦ 

o o O o O ^ OAI 3IM 9 ~< o ~* 9 9 O 9 9 9 

O O « « « « a "-1 o 9 9 a 9 
♦ * * « ♦ 05 Ul Ul Ul Ul Ul » 

9    % *    • 
go in IM 

a 
9 
a CO 

o o 3 O o >« o (M 9IM OIM 9 M 9 9 9 9 9 9 = 5 -^ « « O <o a 
Q S 

(/I o 9 •3 9 9 
♦ • * • ♦ 

t- Ul bl UJ UJ UJ Z _ 

o K « ■* in » » < oc 

D u. 

I 
V) 

a 
ÜJ 

•   • 
o o 

•   • •   • 
a ~i 

o 
in • • 

9(M 

^4 

• • 
9(M 

•  • 
9 IM 

9 •   • 
OCM 

•   • 
9 9 

•   • 
9 O 

• 
9 

• 
o 

>- 4 « a « a a 
-1 o O 9 9 9 o 
u. ♦ ♦ * * « ♦ 

UJ UJ UJ UJ UJ bl oc 
o « « CO in » a o O UJ 
u o »H 9 a K m ?< a a) in K « n « 
Ui •    • •   • •  • • • •   • •  • • • • • ■•   • • • Z H 
a. o o o o O   M OCM 9IM O IM OIM o>* 9 9 O 9 UJ , « 0.   LU 
t- « ■0 A « a a O Z* o o o 9 9 e a. 

♦ « * ♦ ♦ ♦ * S 
Ul Ul Ul Ul Ul UJ ^S5 m e ♦ !M « K in 

z o 3 m 9 in » 
5- 3 

• r »i • > • • 1     •! 
in 

• i • 
a 

* «i • i • • • • •^ 9 O oo o -« 91^ 9(M O IM OIM o^ O 9 9 9 UJ t- 
o « « <0 O a a f? o o O O 9 o O 
X ♦ « ♦ ♦ « ♦ U.   _J 

O -i 
UJ a o 

(X A UJ Ul UJ Ul Ul Ul 
« e * « « » 9 n * 

1 « IM in o> IM o 
Ul • m 90 X> K •4 
♦ •   • •   • •   • • • •   • •   • •   • •   • •   • • • z 

W ♦ o o ■3 O o -• OIM 9 ,M 9 (M OIM 9IM 9 9 9 9 ii 3 r- 
o  • a» « •0 •O a a r^a r-a 
a «I e e o O e e eo o o _l   UJ 
JD i  * « * ♦ * i * i * 
►H     • Ul UJ UJ bl Ul bl Ulbl ulbl 
U. HI r» «o» « 9 n »H r-co ON 00 

1 X • r- ^* O ♦ » »« (M ♦ 
>- 
»- m o 0 a •-• • IM « -• (M CD 

o a O O <•» (M 9IM 9IM on OIM KIM •1  M 9 9 UJ 
i^ m oc ^ r- 1^ -O s<o a« r-a aa aa r* a D 
m 9 O 99 9 9 9 e O O 9 O 9 9 O a 1   ♦ 1   ♦ 1   * ■  ♦ 1 -» 1   ♦ I « 
■v ■ bl kl Ulbl blU) Ulbl blbl Ulbl blbl u. 
<\i IX ni n e inn •4« r» -» atn ma am 
— J m n aom <or^ ♦ f* mm »a am 

u 
>■ 

n p» f-iO 00-« 9 ■* -r» ••a r- a 
o o o o ♦ «4 »IM »n ^A in ft mm * ~ 9 9 

bl IM ■  ■ n • ■ « ■ ■ in ■ ■ « ■ ■ r- m m oo a ■ i>> ■ ■ o ■ ■ •1   ■ ■ 
»- • X>- Xi- z *-■ Xh i *- 1    Z t- zF z *- r» x »- -* ZK 
« ♦ * ■ zz ■ zz ■ z z ■ zz ■ z z P z z ■ zz 

M: fübi 
»zz ■   ZZ 

o • • 
-> ■* U1UI JC IUW If blbli K  UljtJ *. Wbl (e uibi JC blM 

1 
iC blbl 
i 

IC blbl 

95 

) 



LISTING 0 

CELL 

♦  2 
CL ■ 
CN • 

CELL 
•  3 

CL • 

CELL 
*  * 

CL • 
CN ■ 

CELL 

♦ 5 

CL • 
LN • 

CELL 
* b 

CL • 
CN ■ 

CELL 
•  7 

CL • 
CN • 

CELL 
*  8 

CL • 
Lr • 

CELL 
*  9 

CL • 
CN • 

CELL 

♦ 1" 
CL • 
CN • 

CELL CL » 
CN ■ 

CELL 
5  3 

CL ■ 
CN ■ 

CELL 
b    * 

CL ■ 
CN ■ 

CELL 
b 6 

CL • 
CN ■ 

CELL 
b 6 

CL ■ 
CN • 

CELL 
5  7 

CL ■ 
CN ■ 

CELL 
S 0 

CL • 
CN > 

CELL 
S 9 

CL ■ 
CN « 

CELL 
5 1U 

CL • 
CN ■ 

CELL 
6 2 

CL • 
CN • 

CELL 
6  3 

CL ■ 
CN • 

CELL 
6  • 

ct  • 
CN ■ 

CELL 
6  5 

CL ■ 
CN ■ 

CELL 
6  b 

CL ■ 
CN ■ 

CELL 
6 7 

CL • 
CN • 

CELL 
»  8 

CL ■ 
CN • 

CELL 
* « 

CL » 
CN ■ 

CELL 
* 10 

CL • 
CN ■ 

CELL 

T 2 
CL ■ 
CN • 

CELL 
T ] 

CL • 
CN • 

CELL 
T * 

CL • 
CN • 

CELL 
7 S 

CL ■ 
CN ■ 

OF   C»«CK   LtNöTfi   «NU   NUMBE«   fO*   EVEH»   ftfiCTOSlNb   CELL 

2.«25E-o*  2.082E-U*   l.b(i2E>u«   l.bduE-O* 

9.0*UE«rS   T.3(J1E*CS   l.«8*E«05   S>*79E«o5 

2.*IaE-..*   1.915E-I.*  0. I.*«2E>e* 
'#.l/77E»iS  7.r)0SE»u5  0. »Woof^OS 

2Ilb7E-r*  1.676t-(»  Oi UiSbf-c» 

8,M2e*oS   6.5S9t*u5   0. 3.767E*05 

2.1«<>E.n«   l.fcbbt-o»   ü. 1.213E-0* 

S.2«3E«rS  6.2b«t»(5   0. 3.37lE»p5 

2.1J3E-(4   l.b2SE-r*   0. 1.16«£-04 

8,30Bt»c5   6.3S9E»(;S   0. 3t37jE«0S 

i^'Hbt-i,»   I.S62t-'»   0. l.l;9HE-(i« 

b,27BE«rb  fr.3TSl*LS   0. 3.332e*eS 

1.91^E-r,<   l,«bbt-'»   0. l.uObE>o* 
B,l[>bE«cS  5.«75E»05   0. 2.B*tf»c5 

l.Oiit',*   1.2BU«'*   0. V.JbiE-r« 

7.615t»r5  5.I22E»J5   0, 2.»»ilf»(iS 

i.4llE-(<   l.n78E-u*   0. 9.«I3E-(I5 

7.723t«lb  «.l6*t«uS   0. 3,»39E»0S 

3.97lt-(»  2.i7SE-'4   U, l,b8i*E-0* 

l.2«;7t«,)b   7,9»2E»i5   0. 6.3IbE«05 

3,93vtT*  2.i7ot-i'»   Ot l.«»3f-n» 

I.2bb£*i6  8.i»U«ib   0. S.**^E*OS 

3,*37t-.'«   2.'i77t-l*   0. 1.391E-r* 

l.2bJt».ib   7,77pE»'S   0, «.»blttoS 

S.SB^t-f«  2,n7IE.l,»   0. (^«bE-O» 

|.2>ufc*<.6   7.9ü8t»fS   0. ♦.B3»r»0* 

3.73»E-,'t  2.fiolt-ii»   o. 1.3lbE-ii» 

l.23ot<lb   SiOalb^'S   0. •.Bk7E,r5 

3.*8*E-l*  2.n21E-ii*   a, l.ib<!£-0* 

l.211E«nb  8.112E«i'5   3. *.82lE«0S 

).l97t.i.   1,939E-I<i   0. 1.181E-0» 

l.lJ»t»rb   7.6b2t«i'S   0. •.3»uE»n5 

2.V»/t>'*   l.bV*L-o*   a> 1>09BE-0* 

l.lV9t«ob  7.2u9E*tl5   b. ♦f^9i;E«04 

2.bVSE-i<*   l.«98E>l'*   u< l.l*9E-0* 

I.U*3E»nb Stt3*t«(.S  0. *.618E*n* 

5.39St-(*  2,5*2£.0*   0. 1.977E-'« 

l.bOt)t«ijb 9.n37E*cS  0. 7.71VE  OS 

«.Sblfi«   2.251E-I«   0. l,b73E-(i« 

li39bE«(:b   8.6»bt«t5   0. 6a*U«E*0S 

*.S2*L-n<  I.ZITE-U«   0. I.S5*E'0* 

1.38»t.rb  9.5bU«ii5   0. ».16*E*0« 

♦,3B/t.p»   2.l»lt-(«   0. l.61uE«n* 

I.J37E«r.4  B.23SE«o6   0. 5.7IuE<0S 

• ,I1«E-P*  2.U5E-CI»   0. I<*3«E«0* 
I.319E«n6  8.222E«"«   0. 5.b3lE«i)5 

3.766fo*  1.9H2E-r*  g, 1.3b2E-0» 

I,288E«0b  8,13»E«05   0. S.129E«05 

3.*10E«o*  1.85»E-u*  0. I,20BE-0» 

l.2l/7E»f,b   7.S7SE«o5   0. *.92oE*OS 

3.UU-1,*  l.4»3E-0«  0. l.l3«E-0» 
1.1«1E«06 6.728E«i.E  0. *.3«1C*0S 

2,73b£-0«   1.262E-0»   «. l.l»7£.0» 
1,0T1E*0» 9.03aE*oS 0. ♦.S98£»o5 

5.bl«E.(,»  2.5S8E.0»   9,B7«£.05 2.0»»E.0» 

l.529£»ob  9.37SE*CS   1.8T«£*0S 8.l*bE»n5 

S.917E-0*  S.*»»E«o«  0. I.935E-0» 

l.*«U*o* «.HMOS 0. 7.29SE»0J 

♦.»27£-o*  2.166E-0»  0. 1.6*7e»0* 

i.387£.o6 ••S»SE»09^01^ *t»«E»e» 

*.3»JE-o» I.0T5E-0»  0. UllfE««* 
I.38»E«o6 ■.10*C*0S  0. 6.3»M«09 

Oi 

lit 

lla 
(I. 

Ot 

0. 

0. 

(,• 

0. 

U( 

0. 

Oi 

0. 

0> 

CL-AVO 
CN-TOT 

CL-<VG 

CN-TOT 

CL-*«G 

CN-IOT 

CL-AVS 

CN-TüT 

CL-AVO 

CN-TOT 

CL-AV6 

CN-TOT 

CL-AVG 
CN-TOT 

CL-A»fi 

CN-TOT 

CL-AWb 

CN-TUT 

CL-AVS 
CN-TOT 

CL-AVO 
CN-TOI 

CL-AVO 

CN-TOI 

CL-AVS 

CN-TuT 

CL-AVb 

CN-TOI 

CL-AV« 
CN-TOT 

CL-AVS 

CN-TOT 

CL-AVO 

CN-TOT 

CL-AVS 

CN-TOT 

CL-AvG 
CN-TOT 

CL-AvO 

CN-TOT 

CL-AVO 

CN-TOT 

CL-AVS 

CN-TOT 

CL-AVO 

CN-TOT 

CL-AVG 

CN-IOT 

CL-AV6 

CN-TOT 

CL-AVG 

CN-TOT 

CL-AVS 

CN-TOT 

CL-AVG 

CN-TOT 

CL-AVO 

CN-TOT 

CL-AVO 

CN-TOT 

Ct-*V« 

CM-TOT 

2.132E-aA 
2.330E*0b 

2.1u2E-0* 
2,079E»06 

1.879E-g» 

l.B8*£t06 

1.890E-UA 

i.79ot»06 

I,t>*SE-u* 

1.8u«E*06 

1.769E-J« 

I.798Etü6 

l.fc67E-u* 

l.(>B*Et(|b 

l.b77E-ü* 
i .blBttOb 

1.S97E-0« 

I.b33Etvb 

J.21»£-0* 

«.6b3E»ü(> 

3.«!o9E-u» 

3.233E-0* 

2.b>;6Et0b 

3.IH0E-U* 

2.5o«E,o» 

3.ub*E-u* 
2>blBE>Ub 

^.B6SE-u* 

2.SU*E*06 

2.6bOE-u* 
i.33eE»0b 

2.**6E-I/* 

2.2b8£*Ub 

<.225E-0A 

2.(II8E*06 

«.322E-0« 

3.l76E*0b 

3,b89E-U* 
2.B9uE»0b 

3.6S7E-0» 

2.B59E.06 

3.b63E-0* 

£.732E*06 

3.346E-0A 
2.7U5E«06 

3.u80E-0t 

2.61SE*06 

2.793E-0* 

2.*S6E»o» 

2.563E-U* 

2.273E«06 

2.26SE-0* 
2.03*E*06 

♦.39SE-0* 

3.»7l£»06 

».♦J»E-0* 

J.U3C*«» 

3.7I9E-0» 

2.S9«E*0t 

3.S12E-0* 

2t«»*E«0» 

PI*N<H»2 

«OT 

P|«N«R»»^ 

»OT 

PI«N«H"2 

ROT 

PI»N»R»»2 

HOT 

PI«N»M»»2 

HOT 

PI»N»«»»2 

BOT 

PI»N«K»<>2 

»OT 

»ÜT 

HOT 

Pi«N»M»«a 

NUT 

PI»N.l,»»i 

»OT 

PI«N«»«»2 

»ÜT 

PI»N»k»»i 

HUT 

PI»N»H»»2 

HUT 

PI»N»H«»2 

HUT 

PI»N»H»»2 

Hul 

PI<N*H**2 

HUT 

PI«N«H"2 

HOT 

PI»N«H««2 
HOT 

PI«N»H»»2 
HUT 

P]*N«H»*< 

HOT 

P1»N»H»»2 

ROT 

P1»N»H»»2 

ROT 

PI»N»H»»2 
HOT 

PI*N<H**2 
ROT 

PI*N>H**2 

RUT 

PIBN«N**2 

ROT 

PI«N«H"2 

ROT 

PI«N«R««2 

ROT 

PI»N»R«»2 

ROT 

PI<N*HA*2 

ROT 

3.2SSE-0I 

♦t3*7E-0* 

2.B00E-U1 

8.289E-U« 

2.021t-01 
l.Ib*E-03 

1.939t-01 

l.»u7t-uJ 

J. JBllt-0 1 
l.b«»£-03 

1.7i)*£-til 

J.S72E-Ü3 

l.*tBE-ul 
i.»übe-uJ 

i.ij»t-iii 

8.99»E-r)» 

l,U«£-ul 
2.**bt-0A 

7.B2bfc.ul 

••O^IE-O* 

7,629E-1J1 
B,29»E-ü» 

7.b.jU-0l 

l,lHbt-oi 

7,lB3L-0l 

it»«2t-o3 

b,7l6£-0l 
l.bWt-03 

S.B99E-01 

1.63*£-03 

At 'bU-al 
l.»bBt-o3 

3t8BUE-0l 

9tb^0t-0« 

2.8«2E-0I 

2,73bE-0» 

l.bbottou 

3.JbtiE-o* 

l.luot'OO 

b,89bt-0« 

l.Ub»t»00 

9.9S»E-o« 

9,73BE-(JI 

I.22BE-03 

8.b30t-0l 
l.37bE-03 

7.039E-0I 
l.*3Jt-03 

St*5U-0l 

lt295E-u3 

»tibbE-Ol 
8.342E-U* 

2.940E-0i 

2.A70E-0* 

1.831E*00 
2t7o»E-0« 

it*nE*oo 
S.901E-0» 

ItUK'OO 

•t2l«E-0A 

«t»*M-01 
1.023E-03 

FIGURE B-9      DETAILED LISTING OF FRACTURE DAMAGE  IN 
TAPERED-FLYER  IMPACT IN ARMCO IRON 
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Subroutine DFRACT 

c 
c PJ 
c p» 
c PN.PQ 
c H'M 
c NT 
c TSRIll 
c TSR(^) 
c TSR(3) 
c TSSC»)f 
c TSH{J) 

c rsH(c» 
c vy/Of wA 
c VGA 
c VNa 
c 

100 

ESTlMATfc Oh PHESSUHt 
COM^urEL) "HESSUKE HASEL) ON PJ 
PRESSURtS ASSüClATEU «ITM NUCLEATION AND GROWTH 
"ELATIVt VOIU VOLUME 
VOlÜ DENSITYt NUHHEH/CM3 
GRO»TM CONSTANT « 3/(»»ETA) 
QHOwTM IMKESHOLOl ÜTN/CM2 
NUCLEATION RADIUS PARAMETER, CM 
PARAMETERS IM THE NUCLEATION FUNCTION I 

uDOT » T4«EXP((P-TSH(b))/TSR(h)) 
MUCLEATION THRESHOLD, DYN/CM? 
VOID VOL'-Mt, CM3/6 
VOID VOLUME ASSOCIATED *»ITH GROWTH, CM3/G 
\IOlU   VOLUME ASSOCIATED »ITH HUCLEATION, CM3/G 

ÜiMFNSION  TSH(»,,3o) 
REAL   NM,NT«MUfM 
DATA SMF/j.Hb/ 
IF (NM ,LT. 1.) RETURN 
1 ÜLn»eHOS/VULO 
vv(isNM»voui)/RHns 
VSOXVOLD/^HOS-VVO 

FS(i»P/(VSO»uOLr'l    J   PCLD=P 
DVO«DV«(Vü-VOLOl /RHOS 
IF (TSH(Mi7) .fcU. o.) TSR(Mi7)»«.«3.1*16#r3«(M.3)«»3#TSB(M,*l 

SUMWOUTUF. OFRACT (S-XuTY.STTtTAY.HXl ,EYn,ET1 I tf XYl ,P,NM,NT,VOt I3FHP i: 
I   VOLD,nro,t,EEST,EiJSrc^.EUSTGM,tLMU,HHüS,TSR,Y,YD,F,M,ALFA)     UFR? 3 

OF«? « 
DFR^ 5 
UFR? 6 
UFR? 7 
DFW? 6 
DFR? 4 
DFR2 ID 
DFR? 1 I 
DFR? it 
DFR? 13 
DFR? U 
DFR? lb 
DFR? lh 
DFR? 17 
DFR^ \H 
DFR? 1<) 
DFR? 2p 
DFR? 21 
OFR? 22 
DFR? 23 
DFR? 2* 
DFR? 2b 
DFR? 26 
DFH2 27 
OF"? en 
DFR? 2«* 
DFR? 30 
DFR? 31 
DFR2 32 
DFR? 33 
DFR? 3« 
OFR? 35 
OFR? 36 
DFR? 37 
DFR? 3H 
DFR2 39 
DFR? «n 
OF«? *1 
DFR2 »2 
DFR? »3 
DFR? *« 
DFR? *b 
DFR? «6 
DFR? 47 
DFR? «H 
OFR? <K* 

ESTIMATE OF PRESSURE BASED ON STRAIN, GROWTH, NUCLEATION DFR? 50 
PS»PG»PN«£USTCM<MTEMP1/<VSO*DELV)-1.)                            DFR? 51 
IF   (DELV   ,6T.   r.t   PN»2.»TSR(M»6)»AL06(0ELV»üH/TSR(M,7)/nT>♦                OFR? 52 

1     2.«TSR(M,5)   -  RSO                                                                                                                OFR? 53 
IF   (WO   .LE.   li.)   GO   TO   15P                                                                                              OFR? 5» 
XN«f.        »   XP«l,o                                                                                                                        DFR? 55 
IF   (PSO   .LT.   TSR(M,5))   XNaTSR(M,7)/DH«üT»EXP((PS0-TSB(M,5) !/TSR(M,ÜFR? 56 

16))                                                                                                                                                                 DFR? 57 
IF   (PSO   .LT.   TSHlMt?))   XP«EXP(Al»(PS0-TSH(Mt2)))                                               DFR? 58 
PG   »  PSO*(DtLV-VVO#(XP-l.)-XN-EOSTttM»(El-En)/EüSTCM)/(VVO«XP«Al/2,OFH? 59 

1        »XN/Z./TShMM^I-l ./RHOS/EOSTCM)                                                                             DFR? 60 
IF   (PG   .Gl.   TSR(M,^))   PG   ■ PSO   ♦   (DELV-VVO«(XP-1.)-FOSTGM*(El-En)/DFR? 61 

tYY.EYYl«DELV/l)VO 
EXY«EXYl«uELV/DVO 

HEG1N   SUBCVCLING   LOOP  FÜR   CASE   OF   LARöE   STRAIN 

NLOnP«MAX| (l.,-2.«OV«EuSTCM/Vbü/TSR(M,5)*j.5»2.5»TSP(Mfl)»DT()« 
1      A>'IM (P-TSR(M,2) ,TSR(M,2) ) ) 
DEIV=nv/NLOOP 
EXX«EXXl«l)EUv/OVÜ 
ErT«ETT)»DCLV/oVü 
VHSVOLU/RHC'S 

VT»Y 
EO«F 
ÜE»(EEST-E)/NLOOP 
DT»nELV/ÜVO»DTO 
Al«TSR(^tl)»ÜT 
DPjBO.?*(AbS(TSR(M,S))*AtiS(P)) 
DO   38»   ^L=liNLOGP 
VM«VH»OEL«        i        El«tO*»E 
|jH«l,/VH 
TEMPIBI./RMOS*EOST6M«El/EQSTCM 
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Subroutine DFIUCT  (Continued) 

1 FUSTCM)»tCSTCi''«RHOS 
IF   (DEL*'   .Of.   n.   ,ANU.   kSO   .LT.   TSK(M,2))   P6 = »MIM 5 (PR, TS» (M,2) ) 

ISO        Pjr4M4X| (PS«P(i,PM) 
Pj   «   PSO   ♦   blüNUMIM (aoS(Pj-PSO) »lOt'DPj) .Pj-PSO) 
üy/SsTFMPl/( 1,»PJ/EUS1CM)-VS0 
VVA»VVÜ»Üt.L^-IJVS 
NC»". 

I,   •• >••••• 

C bEölN   ITEWATION   LOOP 
c   •••••••• 

vv«vvn*UELV-üv5 
PA  S   EJSTC^^ITfMP!/(VS0»I)VS)-1.) 
PMAMjNl (ij.5»(Pa*PSC)-Ti)P(M«5) ,(,.) 
IF    (PN   .LT.    Ü.1    PN»EXP(PN/TSH(M»h)) 
VNAETS«(M,7)*PN»UT/OM 

VuAsVVÜ 
PüsAMIM (i1.5

#(PA»P50)-T5R(Mt2l ,u.) 
IF    (PG    .1.1.    0.)    VGAsVVÜ»EXP(Al»Hli) 
VV/AcVGA*VMA 
C)VSA«TE"Pl/< l.*PA/EQSTCM)-VSO 
t)F.LVA«ÜVSA* Wa-WO 
PJ»PA 

C        TEST FÜK COMPLETION OF ITEHATIONS 
IF (AHSfDtLVA-üELVI/VSO «LT. 2.E-5 .AND. AHS(DV5-UVSA)/VSO .LT. 

I  l.E-S) ÖO TO 3*0 
IF (NC .GE. I'd bO TO obv 
IF (NC .fU. 1 ,OH, Müi)(ivCi3) .EU. u) GO TO 27i 

C        INTEPPOLAT ION TO FlNU (IVS 
UvS'L'VS4« (UVSH-UVSM)/ (iJtLvB-DEH/a)«(UELV-oeLvA) 
OC TO 2H0 

2 7,1   PJ»PA«(0ELV-UEl.va)/(vGtt«A|/2.-TEMPl/(E(JSTCNUPA)*VNA/2,/TSR(M,6) ) 
PNaPJ 
!F (VMa*D£l-V-üELV4 .GT. r. .4NU. VNA .GT, p.) PNs?,«Ts« (M.(i) • 

I  Al.0G( (VNA*OELV-DELVA)/VN4) ♦ PA 
PJ«AMAX1(PJKi.S^tPN+Pj)) 
PJXBA*SIGM( AHim (AbS(PJ-HA) iDPj) IOELVA-OELV) 
UVS«TFMPl/(1.»PJ/EUSTCM)-vSO 
IF (NC .Eu. I) GO TO 290 

260   IF (AHS(OELVA-nELV) .GT. ABS (t)ELV«-DELV) ) GO TO 200 
2^0   UtLVbaDELVA 

DVSHSDVSA 
Ü0 TO 200 

FNDING KUUTirit c 
c 
30ü NM*VVA*0H 

NT«NT«üM/i)OLÜ*TSF'(M,<»)#HN«uT 
IF    (NM   .61.   0.6)   60   TO   «00 
btT4«?.«TxV*ALFA/NL00P 
tLMMF«2.»tLMU»AMAXl (1 .-SMF»VVA«ÜM,0.) 
«(Sl»o.6667»(UOLD-OH)/(ÜOLD»DM) 
UY«TXY-ELMUF/?.#EXY*(SrY-SXX)»ALFA/NLOOP 
SAXiSXX-ELMUF»(EXX-»(Sl) ♦HETA 
SYYaSYY-ELMUF«(EYY-«lSl)-8ETA 
S)TTsSTT-ELMUF«(ETT-*Sl) 
»S*«SXX«»2»SYY«»<?«STT»»2«2.»TXY*»2 
YE=Y»F«AMAX1(l.-*.»VVA*OH,ü.) 
If   (WS*   .LT.   YF««2/1.5)    60   TO   3*0 
*S3aYE/S(jBT (LS^xs*! 
PTEOM. (00LÜ-1/H)/(DÜL0*ÜH)/DT/TSR(»',1) 

OfU? 6? 
DFH? *>3 
UFM? M 
OF«? ^ 
ÜFH? bt> 
OFk? 67 
ÜFH? bH 
DFH? 64 
DFH? 71. 
DF»? 71 
DFR? 7? 
L)FH? 73 
ÜFH? 7* 
DFH? 7S 
DFR? 76 
DFH? 77 
DFR? 7R 
DFH? 7Si 
DFH? HU 
ÜFH? HI 
DFH? b2 
DFH? 83 
DFR? H4 
DFH? Hb 
DFH? 86 
DFH? b7 
DFH? Pfl 
DFH? «9 
DFH? Vlj 

DFH? 91 
DFR? 92 
ÜFH? 93 
DFH? 94 
DFH? 95 
DFH? 96 
DFH? 97 
DFR? 9b 
DFR? 99 
DFR? 100 
DFH? 101 
DFH? 102 
DFR? 103 
DFR? n* 
DFR,; 105 
DFR? 106 
OFH? 1U7 
DFR? ice 
DFR? 109 
DFH? 1IU 
DFR? m 
DFR? 112 
DFH? 113 
DFR? 1U 
DFR? 115 
DFH? 1 16 
DFR? 117 
DFR? llfl 
DFR? 119 
DFH? 120 
DFR? 121 
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Subroutine DFRACT (Concluded) 

i»S6«1.5/TSH(Mtl )/0T DFH? 122 
SAX«SXX«WS3   -  fXX«wS5  ♦   PTERM OF»? t23 
srY«srr»»S3 - EYV«WS5 ♦ PTE«M OFH? 124 
STT«STT«WS3 - ETT«l«iS5 ♦ PTERM UFR? '26 
TXY»TXY»WS3 - EXY»»(S5/2. OFM? 126 

3*()  CONTINUE DFB2 1^7 
RSO » PJ OFH? 128 
Pj ■ PJ»(VSO*üVS)»ÜH DFH? 129 
^»PJ UFH2 131 
^«YT OF«? 132 
WO'VVA 0FH2 133 
VSO»|./OH-VVfl OF«? 13« 

380  OOLn»OH OF«? 135 
£«eEST*<PuLü-PJ)«UVO/2, DFB? i36 
RETUHN DFCp ,37 

C ÜF«? 13H 
C       END WITH SEP4«ATrON QFR? 139 
♦00   P«Y»SXX»SYY»STT»TXY«o. OF»? 14o 

NM»-4RS(NM) 0PR? ,4j 
«ETURM OFR? ]42 

c OFR? !*3 
C              ««OVISION FOH A80KT IN CASE OF ITERATION FAILURE OFR? 1*4 
♦5c   NTPY»NT«Y*i OF«? 1*5 

IF (NTRY .GE. 5) 60 TO «6.- OF«? l«6 
0V«VO/«HOS-l./üOLO OF«? 147 
M.OOP»MAXl(3.t-^.«2.»»NTHY»0V»EÜSTCM/VSO/TS«(M.5)*0!5) OFR? 1*0 
60 TO 100 OFR? ]<K) 

♦6(1   PRINT 160C.MtStP»OV.OELVA,DELVH DFR? 15u 
GO TO 300 DFR? 161 

160U  FORMAT (•    ITEKATION FAILURE IN DFhACT.   «■•12i» S»»EI0.3. DFR? 162 
1  • P.'EU'.S»» 0V»«EJO,3i» DELV»»2Ein.3) OFR? 153 
END OFPACT OF«? 15^ 

V 
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Subroutine  BFRACT 

SUHPOUTINE rifHÄCT(LStSX»EN»SYrErMfSTTtNiTXYENiEXXliEYYj.FTTltEXYl, 

J P.NuiNTtVü.VOLütUTu.EtEESTtEUSTCMtE'JSTGM.ELMUtTSRiY.YOtFtKS.jSt 
2       M.NM.^HüSiÜWOTilPRHFhl 

E   VOLUME   OF   COACKS 

OF   CH«CKS/UNIT   VOLUME 
OwlH   COEFFIClENti   CM2/DYN/SEC 
0   STRESS   FO^   GBOwTMt   OYN/CMa 
H   OF   NUCLEATICN   DlSTHlbUTION,   C« 
ON   HA7F   COEFFICIENT 
0   STHF5S  FOK   NUCLEATION 
TOK   OF   EXPONENTIAL   STHESS  FUNCTION 

D   STHESS   FOR   ENTtHINü  HFHACr 
o INDICATE »HETHEK S OR SOM GOVERNS NUCLEATION 

GOVERNS 
OH   STRESS   GOVERNS 
NSlTYt   NUMhEH/CM3 
CHACK   PAt/IUS.CM3 
PHttFH(l)    «1   FOR   EXTHA   BFHACT   ITERATION   PRINTOUT 

DIMENSION  IbRlhiSo1 

OIMFNSION   CL(11tlli5).CN(llilli5) tCüS2ThU)fSIN^TH(*)tCL3(5)t 
FMiClbl»HOTll 1 ill) ISTH(5)tlNlT (6) 

ÜlMENMON   VCH(ft) .VCM6) 
UIMFNSMN   NTHI (11,11 ) 
UiMFNsION   iPHtiFH(fe) 
H£AL   NM,NT 
UATA   SMFiNAi^G/) .B8»5/ 
IF    tL«;   .GT.   U   GO   TO   2U 

C 
C Nt^ --   HtLAflV 
C NET —   NUI-ntH 
C Tl -- CHAC^  GH 
c T2 —   TMRtSnOL 
C T3 ..   PAPAMETt 
C I» — NUCLEATI 
C T5 —  TMHtS^OL 
c Tfe —   DENOMINA 
C T7 —   NOT   USED 
c T8 —   THHtSHOL 
c T<i —  SXITCM   T 
c n   STHESS 
c 1   DEV1AT 
c CN --  CHACK   UE 
c CL -- C'JHE  UF 
c IHR HFP(6)   --   I 
c 

C 
c 
c 
c  ••• 

lo 

13 
c  ••• 
21 

2b 

INITIALIZATION 

INITIALIZE   GENERAL   AHPAYS   -   COS2TH,   SIN2TH,   HOTi   CNi   CLt   FNUC 
LS»1 
IMT())«INIT(zl«INIT(3)slNlT(*)«IMT(5)"lNIT(6)«o 
NAN6l»NANö-l 
FNUC (1)=0.707M7/NAKG1 
F.MüC(NAN6) «0.292893 
COS?TH(l)»l.l     I     SIN2IM(1)»0. 
DO    10   NGa2iNANGl 
FNtiCCNGlsFNuCd ) 
Til»CTH«6.2H3lH53,FLOAT(Nö-l)/FLOAT(N»NGl) 
COS?Tn(NG)«CüS(TWoTH) 
SIN?TH(NG)SSIN(TII*OTM) 

00   15  J«lill 
UO   15 nsl.ll 
HOT (K,J)«U. 
UO    15   NGclfNAgG 
CN ( K , J,NG) xCL (K , J ,NG | >(>. 

INITULUE   -TSR-   COEFFICIENTS   FOR  EACH MATERIAL 
IF   (INIT(M)   .EO.   M)   GO   TO   25 
TSH(M,3l»TSM(M,3)»»3 
VCP(M)«fl.»(l./ELMU»l ./(E0STCM*ELMLi/3.) 1 
VCMM)».TSH(M,3)»TSR(Mi*) 
INIT(M)»M 
CONTINUE 
IF    (LS  .El-.   2»   GO   TO  50Ü 

CUMPUTAI    IONS 

BFR? 
bFH? 
BFR? 
BFH? 
HFR? 
BFH? 
BFH? 
BFR? 
BFH? lo 
BFH? 11 
BFH? 1? 
BFH? 13 
BFH? 
BFH? 
BFH? 
BFH? 
BFH? 
BFH? 
BFR? 
BFH? 21 
BFR? 22 
BFR? 
BFH? 
BFR? 
BFH? 
BFR? ?7 
BFH? 28 
BFR? 2,> 
HFH? 
BFR? 
BFR? 
BFH? 
BFH? 
BFH? 35 
BFH? 36 
BFH? 
BFH? 
BFH? 
BFR? 
BFR? 
BFR2 *2 
BFR? 43 
BFR? 44 
BFR? 45 
BFH? 46 
BFR? 4 7 
BFH? 4P 
BFH? 49 
BFR? 5ü 
BFH? 51 
BFR? b? 
BFH? 53 
BFH? 54 
BFH? 55 
BFR? 56 
BFH? 57 
BFH? 58 
BFH? 59 
BFR? 60 
BFR?     61 

14 
15 
16 
17 
IB 
19 
?C 

?3 
24 
2b 
?6 

30 
31 
32 
33 
34 

37 
3R 
39 
4u 
41 
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Subroutine BFRACT (Continued) 

1(J0 

It    (NM   .ttt   0.)   XETUHN 
VV0«NM»V0LU/*<H0S 

OVsnVO« (VO-^OLDl ''BHCS 
D0Ln«PMns/vüLü 
PSn=P/(vsü#üünii 
H»PnT(KSijS) %     P0«P 

SET VALUES row MULTIPLE LOOPS IN CASE UF LARGE bTBilN 
MULTIPLE LOOPS IF STHAIN COHHESPONDS TO A STSESS GREATEH TMAN 
n.33»TSM(Mi&) 

NLOOPaMAXl(1.I-*.«UV»EUSTCM/VS0/TSH(MI5)»U.5) 
OPj^O.Z^IAbSCTSHIM»";) ) »AHSCPSO) ) 
NTPY«n 
OEl V»OV/NLOOP 
NTPI (KSiJSlBlOd'I^LOOPtNTWr 
EÄX»EXM/NLüOP»L)V/L»>/0      *      ETY«EYYl/NLnOP«ÜV/DVO 

$    f'YBExn/NLOuP'nw/ovo 
$      Jt«(EEST-EI/NLOOP       f       E1»F 
UT«ueLV/UV0«DT0 

*      TEMP1«I,/PM0S»EUSTGM«£/EOSTCM 

ETT«ETT1/NLÜOP»OV/üVO 

VMal./DoUO % YT»Y 
ÜRenELV/DVU«üPOl % 
Ala1,»TSP(Mt1(»UT 

121 

C 
c 

c 
130 

150 

C   ••• 

17^ 

» HEOIN  -00-   LOOP  FOR   EACH  STEP   IN  STWAlN 
DO   jlPo   NL«liNLOOP 
VHBVH»UELV i       UHs],/vH 
El»El*Ot 
TEMPOsfEMPi 
TEMPI»! ./HMüS»EUSTGM«E1/EIJSTCM 
S0M»AMIN1(SAAEMiSYYEN.STTEN) 
VOPC»r. 
Do   120   NA«ltiNANG 
V0P0»VOP0*CMK«;tjS|NA)»CL(KSijSiNA) 
VüPP»-VCB(M)«V0P0 
•••••    ESTIMATE SOLlU PHESSUHE TO HEGIN ITEKATIONS     ••••• 

STRAIN BASIS KG« PRESSURE ESTIMATE 
PS«P6SPN"EUSTCM»(TEMPI/(VS0*0ELV)-1.) 
IF (P .LT. 0.) 60 TO 130 

,-HACK OPENING BASIS FOR PRESSURE ESTIMATE 
PG«PSO»(DELV-TEMKi»VSO)/t VOPO-TEMPl/EUSTCM) 
IF (PQ .GTt 0.) PG»PS 
GO TO 150 

NUCLEATIÜN HASIS FOR PRESSURE ESTIMATE 
IF (OELV .öt. Pfl PNB-CSü«2.»T5H{Mt5l*2.»TSR(Mtb)»AL00(ABS<0ELV/ 

1   VCR(M)/VCN(M)/DT/PSO)) 
GROWTH« EXPANSION« ANÜ STRAIN BASIS FOR PRESSURE ESTIMATE 

XP«FXP(A1»AMIN1 (C.tPS0*SÜM-TSR(M«21 )) 
Ptt«PSo*( DEL v-vvo^xp^vvü-v so» TEMPO/TEMP i« VSO)/(«VO»XP»(I,/(PSO*SDH) 

1        «Al/Z-J-WSU^VSG/EUSTCM/TEMPI) 
PJ«AMAM (PSIPG.PNI 

DVS»TFMP1/(1 .»PJ/gUSTCM)-vSO 
CUSP«CUS(2.*R) 
SINRBSIN(2>*R| 

COMPUTE STRESSES AT TIME(N-I) FOR EACH ANGULAR GROUP 
STH(NANGI«STTEN*PSO 
00 l7q NAal«NANGl 
STh(NA)«(SXr.CN*SYVEN)/i!.*PS0»(SXX£N-SYYEN»/2.«(C0S2TH(NA)*C0SH- 

1   SIN2TH(NA)«SINH)*TXYEN«MSIN2TH(NA)*C0SR*C0S2TH(NA)«SINH) 
SINP«SIN(2.»(R*UR))  »  COSH»C0S(2.«(R»DR) ) 
NC«'" 
IF (IPRHFH(l) .Nt. I) GO TO 1220 

BFK? h? 
BFR? bj 

BFR? 6* 
BFH? 6% 
BF«? 6b 
BFR? 67 
BFH? 6P 
BFH? 69 
BFH? 7 0 
BFH? 71 
flFH2 72 
BFH? n 
BFH? 7* 
BFH? 75 
BFR? 76 
BFH? 77 
BFR2 78 
BFR? 79 
BFH? PC 
BFH? HI 
BFR? «2 
BFR? 03 
BFR? 64 
BFR? 85 
BFH? 86 
BFR? 87 
HF*2 88 
IIFR? 89 
tiFH2 90 
BCR? 91 
BFR? 92 
BFk? 93 
BFR? 94 
BFR? 95 
BFR? 96 
BFR? 97 
BFR? 98 
BFH? 99 
BFR? 100 
BFR2 101 
BFR? 102 
BFR? IU3 
BFR2 104 
BFR? 105 
BFR? 106 
BFR? 107 
BFR? 108 
BFR? 119 
BFR? tlo 
BFR? 111 
BFR? 112 
BFR? 113 
BFR? 114 
BFR? 115 
BFR? 116 
BFR? 117 
BFR? 118 
BFR? 119 
MFR? 120 
BFH? 121 
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Subroutine  BFRACT  (Continued) 

20C'l 
3001 
I2»l 

201C 
1221 
C«»» 
C 

^00 

KrttMT   2010»NNIKSIJS 

t'HjNT   3nol«VVü 
PH I NT   ^OliPJ.PStPG.PNi^.DVStDELv 
CONTINUE 
FüPMAT(5X»#   VVO»»E12.3) 
FUPMAT(«  Pj=*pli:,3»#» PS»#E10.3i«« PG»#E1P.3.»I PN«*Elo.3«#t (»■• 

1   Eln.3t»t UvS'^Eln.Jt«! ÜELV»*E10,3) 
FÜUMATISX,* NNs«U,« KSlJSa«2l<») 
CONTINUE 

«EG1N IIEBATIÜN LOOP 

CONTINUE 
NLCMC«! 
vv«vvn*UELV.uvs 

C •••    COMPUTE PhESSURE 
PAsEQsTCM»(TEMPI/(VS0*ÜVS)-1.) 
VV=tfH-VSO-DVS 

C •••    COMPUTE UEVIAlQR STKE5S 
PEDsAMAXl(O.i1.-«••VV'ÜM) 
(.Eni«AMAXl (l.-SMH»V«*DMtr.) 
»»Sl«,6fc6ft7»(üüL0-0H)/(üCLI)*Dh) 
btTA«?.*TXYEN»DBOT#OELV/ÜV 
ELMUF3REt)l#2.«ELMU 
TXYr»TXYE^-El.MuF/2.«EXy»(STVEN-SXXEN)«UH0T«DFLV/DV 
SXXE«SXXEN-ELMUF#(EXX-»IS1)*BETA 

SYYF»SYYEN-ELMUF#(ETY-WS1)-BETA 
STTF«STTEN-tLMUF»(ETT-*Sn 
•S4BSXXE»«2»SYYE#»2*STTE»»2*2.»TXYE»»2 

YE«YT«F«HEü 

IF   (WS«   .LE.   Yf»»2/1.5   )   GO   TO   230 
»iS3«YF/S(3HT(1.5*WS*) 
SXKraSXXE«hS3 
SYYE»SYYE»»S3 
TXYF«TXYE#*S3 
STTE»STTE#i»S3 

23^ CONTINUE 
C   ••• COMPUTATION   OF   CB*C*   VOLUME   ► «CM  ELASTIC  OPENINGI   GHO*TH, 
C NUCLEATION   ANU   FRAGMENTATION 

VVA"0. 
00 ?5n NA'lfNANG 
IF (Ni ,LT. NANQ) GO TO 237 
STHW«STTE»P4     %     GO   TO  2«n 

237        STH.<»PA*(SXXt*SYYE)/2.*(SxxE-SYyEI/2.«(C0S2TM(NA)»C0SO-SlN2TH(N*) 
1       SlNR)*TXYE»(SlN?TM(NAI«C0SH*COS2TM(N*)<»SlNR) 

2*0        SAVGB(STH(NA)*SThH)/2. 
UTCaCN(KSf JStNAI*OH/üOLU*CL(KStJStNA) 
IK (SAVG .IT. TSH(Mi2)) OTC*DTC*EXP(A1*(SAV6-TSR(Hf2) ) ) 
SCr»S»WG-TSH(Mi9l*(PS0*PA)/2,-TSB(Mt5» 
UTN«0, 
IF (Sr.H   .LT. o.) DTN»TSH(M,4)«EXP(SCN/TSR(M,6)|«DT«FNUC(N») 

1   •TSB(Mi3l 
IF (STHW .LI. P.) VVA»VVA-VCR(M)»STMW«(DTC*DTN) 

250   COKTlNUE 
VVA«VVA/UH 

c •••    COMPUTE CHANGES IN V AND IN V SUB S 
SüH-AMlM(SXXEtSYyEiSTTE) 
DVSAaoVS 
t)ELV*»DVS»VV»-tfVO 
PJ»PA 

HFW? 

BF«? 
BFR? 
BFR? 
BFR? 
BFR? 
PFH? 
BFR? 
BFR? 
•BFH2 
BFH? 
»BF»2 
BFH? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR2 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR2 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
•BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR? 
BFR2 
BFP? 

'22 
123 
12* 
125 
126 
127 
12« 
l?"» 
13d 
131 
132 
133 
13» 
135 
I 36 
137 
138 
139 
1*0 
1*1 
1*2 
1*3 
1** 
1*5 
1*6 
1*7 
1*8 
1*9 
ISO 
151 
152 
153 
15* 
155 
156 
157 
158 
159 

160 
161 
162 
163 
16* 
165 
166 
167 
168 
169 
170 
171 
172 
173 
17* 
175 
176 
177 
178 
'79 
18b 
161 
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Subroutine  BFRACT (Continued) 

300? 
13o| 

1320 
C 
C   ♦•• 

c 

270 

27y 

280 
29n 
C 
C 
300 

3C7 

310 

320 

1255 

JF   (iPHHFSm    .NE.   1)   faü   TO   1320 
F'HINT   1301fNCil>VSll)VSAiüE.LV»D£LVAtDV»VV«iPAfSDH 
PHINT   3002iSXXF,SrrF.STTF,TXYE 
F0HMAT(5X.«   SXXEtSrVE»STTEtTXYE»««»E12.3) 
FüWMATdXf«  NC»»12t»   0VS=»»2E11.3t«   DELV»«2E11.3»«  0V»»E11.3i 

I     •  VV*»»Ell,3t«  PA««Ell,3t«   SDM««tll.3) 
CONTINUE 

TEST   FOK  COMPLETION  OF   ITERATIONS 
IF   (AöS(DELVA-Dtl.V)/VSO   .LT.   2,E-i>)   60   TO 300 
IF   (NO   .Gf.   in)   OO  TO   «bo 
IF   (No   .EU.   I   .OP,     M0U(Nc*li3)    .EQ.   0)     GO  TO  270 

INTERPOLATION   TO  FINü   ÜVS 
DVS^ÜVSAtCÜVSH-OVSAl/CüELVb-DtLVAl^lüELV-OELVAl 
GO   TO   290 
PJ»PA*(ÜELV-ÜELVA)/(VVA«(l./(P4*SDH/2.)*Al/2.)-TEMPI/(EOSTCM*PA)) 
IF   (Pj   .LT.   0.   .OR.   PA   .6E.   0.)   60   TO 27V 
PJ»PA»EUSTCM«(VVA.DELV)/VSÜ 
IF   (Pj   .LT.   ü.)    Pj«AMAXl(PJlPA,/2, 
PJ»PA*SIGN(AMIN1(AHS(PJ-PA)IüPJItUELVA-UELV) 
DVS«TEHP1/(1.*PJ/E(JSTCM)-VS0 
IF   (NO   .Eu.   1)   6ü   TO   290 
IF   (AHS(D£H/A-DELV)   ,6T.   ABS(UELVH-DELV))   00  TO  200 
DELVB.UELVA        t        DVSH«UVSA        %        GO   TO  2liO 

FNDING  KOUTINE 
CONTINUE 
Nr«( . 
R»R*t)B 
DO   320   NA«1«NANG 
IF   (NA   .LT.   NAN6)   GO   TO 3l;7 
STM»i«STTE*PJ     J     GO  TU  310 
STHW»PJ*(SXXE*SYYE)/2.*(SXXE-SrYE)/2.,(C052TH(NA)«C0SR-SIN2TH(N4) 

1        SINR)»TXYE«(SIN2TH(NÄ)«C0SH*CÜS2TH(N4)»SINR) 
SAV0a(STH(NA)*STHW)/2. 
5CN»SAVG-TbW(Mi9)«(PS0*PJ)/2.-TSH(Mt5) 
ONsn, 
IF   (SCN   .LT.   0.)   DN«TSH(M.*)»EX»MSCN/TSR{M.6/)»DT»FNUC(NA) 
CNO<CN(KSiJStNA) 
CNIKS« JSiNAl«CMKStjS»NA)*OH/0OLU*ÜN 
IF   (CN(KSiJ$<NA)    .EQ.   Ü.)   60   TO   320 
CL(KStJSiNA)a(CNÜ*CL(KSfJS«NA)*EXP(Al*AHlNl(SAVG-TSR (M<2) 10. > ) * 

1  DN*TSR(M(3)j/CNCKStJSfNA) 
NTaNT*CN(KStJSfMA) 
CONTINUE 
NHsVVA*DH 
PSOaPJ 
IF (NM ,GT. 0.6) 60 TO «00 
•••••    EVALUATE AVEHAGE GROSS PRESSURE FROM SOLID PRESSURE  •• 
PJ«PJ»(VSü*ÜVS)»UH 
SXXENaSXXE 
SYYENaSYYE 
STTENaSTTE 
rXYFNaTXYE 
P»PJ 
Y«YT 
TXXE«PJ*SXXE 
IF   (iPRäFR(l)   .Ew.   1)   PRINT   |26b.KN.NL.P5ü.Pj.TXXE.NM 
FORMATdPM  C0NVERGEni5Xi»NNa#Ut»tNL««U.»t   PSO»»E) 0.3t«»   PJ«»E10 

BF«2 )fl2 
BFK? l«3 
BFR2 18« 
8FR? l«& 
BFR2 Itt6 
BFP? 1Ö7 
BFR2 168 
HFH? lb9 
BFR2 I9ü 
8FR2 191 
BFR2 192 
BFH2 193 
BFR2 194 
8FR2 195 
8FR2 196 
BFW? 197 
BFR? 198 
8FP? 199 
BFR? /DO 
BFR? ?01 
BFR? ?02 
BFR? ?03 
BFR? 304 
BFR? ?05 
BFR? ?06 
BFR? ?07 
BFH2 ?0fl 
BFR? ?09 
BFR? ^10 
BFR? ?11 
BFR? ^12 
BFR? ?13 

•BFR? 2U 
8FR2 215 
BFR? 2:6 
BFR2 X17 
BFW2 ?1Ö 
BFR? i?19 
BFR2 220 
BFR2 221 
BFR? ?22 
BFR? ?23 
BFR? 224 
BFR? ?25 
BFR? ?26 
BFR2 ?27 
BFR? 228 
BFR? ?29 

•BFR? 230 
BFR? 231 
BFR? ?33 
BFR? 234 
BFR? 235 
BFR? i'36 
BFR? ?37 
BFR? ?38 
BFR? '39 
BFR? ?40 
.BFR2 241 
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Subroutine  BFRACT  (Continued) 

I3t», TXXB«E10.3i»t NM«»Elti.3l 
C 
C 
c 

38'> 

C 
C 
*00 

C 
c  ••• 
*50 

46 r 

610 

62f 

fUO   Of   SUbCYCUING LOOP 

VVO'VVA   t   \/SüBVSO*ÜVS 
ü0Ln«0M 
EaFFST*(fO-PJj^UVO/Z. 
MOT(KSfjS)»R 
HETDRN 
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IF (NTRY .EW. S) STOP 22 
NT»", 
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00 620 NA'ltNANG 
IF (NA .LT. NANG) 60 TO 6''7 
STH««sTTE*PJ S 00 TO 610 
STH*»PJ»(SX*E*SYYEl/2.MSXXE-SYYE)/2.«(COS2TH(NA)«C0SR-SIN2TH(NA) 
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SCMSAVG-TSR(Mi9)«MPS0*PJ)/2.-TSP(Mf5) 
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If   (SCN .LT. 0.) DN»TSRlMf4)«EXP(SCN/TSR(Mi6))«DT»FNUC!NA) 
CNOaCN(KStJSiNA) 
CN(KStJSINA)BCN(KSIJSINA)*OH/ÜOLU*UN 
IF (CN(KSfJStNAl .EO, 0.) 00 TO 620 
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NTcNT*CN(KSfJStNA) 
CONTINUE 
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BFR? ?58 
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Subroutine  BFRACT  (Concluded) 

P«1MT    1511t((NTWl(K,J/|J«1til)tKalill) BFH? 103 
00   53o   ««Itll 6FH? 30« 
00  53n   J«lill 8FH2 305 

53?        NTHHK»J)»l BFW? 306 
Ü0   S21   Rxlill BFH? 307 
00   52(i   J'lill of«? 30Ö 
IF    (CN(*»Jill    ,EW,    1.)    60   TO   bZO BFO? 30<< 
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üO   510   N4»I«NftN6 BFH? il3 
CLaiNAl^CUCÄtJtKAl^'d./a.) 8FB2 ^14 
CHIT2«CRIT2»CN(K»J»N4)»CL3(N4)«*2 BF«? .Hl5 
CNSUM«CNSUM*CN(KiJtNA) BFR? 316 

bir        CHIT3rCHIT3*CN(RiJiN4)»CL(KiJiNA) BFP2 317 
CHIT2«3.1*16»CRIT2 BFR2 31H 
H4n«(CHIT3/CNSUM)»»(l,/3,) BFR2 119 
PHINT   I5lu»(CL3(I)tl»li5   tH*DiCRIT2tKtJ»(CN(KtJ.I)tl«it5)ICNSUM,     BFR? 320 

1        POT("<iJ) BFR? J21 
520 CONTINUE BFR? 122 
521 CONTINUE BFR? 323 

HETDHN 8F«2 32* 
1500  FOPMATdHd»«  LISTING OF CWAC* LES&TM ANO NUMBF« FOR E^E''^ •»     FJFR2 325 

1   «FRACTUHING CELL»/) BFR? 126 
151i  FORMAT (• CELL   CL ■ •♦E10.3t2Xt£lü.3«»  CL-AVG « «ElO.St        BFR? 327 

1  MM  PI«N»H»»2 » tEl(i.3/2I3»  CN » ••El(i.3t2X»E10.3i»  CN-TOT ■ BFR? 328 
2»El%3»l*H        ROT ■ .E10.3/) BFR? 129 

1511  FOR*iAT(« »•10X,«   HFRACT I TERATICNS—NTRY. loo^H ^••/•lOX«»   K-BFR? 330 
iROtiS AND J-COLS«t//tii (HUO''^»*!*' BFR? ^3i 

1600  FORMAT (* ITERATION . »RURE IN BFRACT. N»»I5I»I K«»I3,». J«»I3i   BFR? 332 
1   SEi?.3t/»5x,3£l2.J) BFR? 133 
ENP HFRACT BFR? 33* 

106 

/ 



Appendix C 

CALCULATION OF VOID GROWTH UNDER HIGH SHEAR 

The calculations of this  appendix were made to guide in constructing 

stress-strain  relations for material containing voids for cases where 

the material   is  subjected to high shear strains.    The material was 

idealized as  an elastic-viscous-plastic material,   initially containing 

a uniform spacing of  spherical  voids.    The "typical"  element  used in  the 

computations was a cylinder with height equal  to the diameter and con- 

taining one  spherical  void at   its center as  shown in Figure C-l.    The 

calculations  simulated  a high speed  extrusion that could occur in 10 to 

100 nsec.     The planar boundaries were moved  outward to simulate tensile 

straining on the material.    The cylindrical  boundaries were moved inward 

at  half the velocity of the planar boundaries to produce a constant 

volume,   high-shear-strain loading on  the material. 

The computations were conducted with a computer program termed 

VOID,   a special  purpose,  finite-difference,   two-dimensional wave propaga- 

tion code described  in Reference 3.     In the calculations,   the motion of 

the boundaries caused waves to propagate through the body of the material. 

By use of  a high coefficient of artificial   viscosity,   the wave amplitudes 

were minimized  so they did not   interfere with the Interpretation of  the 

steady-state   results. 

The quantities of  Interest  for determining stress-strain relations 

for fracturing material  are the pressure,  deviator stresses,   gross 

specific  volume,   void  volume,   and gross shear strain.    The stress 

quantities were computed as averages based  on the total forces on the 

planar and cylindrical  surfaces.     The growth  rate of  the void was derived 

from the computed history of void volume.     Because only a shear strain 

was imposed,   the pressure remained small,  making interpretation of 

pressure volume-relations uncertain.    However,  the void growth rate does 
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GA-314682-12 

FIGURE C-1      GEOMETRY OF CYLINDER OF SOLID MATERIAL CONTAINING A SPHERICAL 
VOID TO SIMULATE FRACTURE BY VOID GROWTH 
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appear to follow the  rule 

477 
(C-l) 

where R =  average void radius 

P = pressure 

P      =     a  threshold pressure 
o 

Tj    =    the material  viscosity used   in  the  stress relaxation 
model  for the material. 

Hence the growth rate  is the  same under high-shear-strain  loading as  for 

spherical  or  one-dimensional  loading. 

The deviator stress-strain  relation was  also  studied.     As  in the 
3 

one-dimensional calculations,     some of  the results fit the form we 

expected,   which  is,   in one dimension 

•/        4 r.,-,        ,„     s   v       fT     -  2/3Y CT    = - G(l  -  4V  o)  3 v       V T 
(C-2) 

where ff' = deviator stress 

G = shear modulus for the solid material 

V = specific volume of the void 
v 

p = density 

V = gross specific volume 

Y = yield strength 

T = a time constant. 

Some of  the   results  showed a long rise time corresponding to a much 

smaller modulus than G.    These latter results may have been caused by 

the effect of waves on the results.     Because we could not  interpret 

these results,  we chose to use Eq.   (C-2)   for deviator stress until a 

more complete study could be conducted of deviator stress. 
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Appendix D 

BALLISTIC EXPERIMENTS ON 1145 ALUMINUM AND ARMCO IRON 

As an aid to the code development effort, long rod ballistic impact 

experiments were performed on two materials whose dynamic fracture 

behavior under one-dimensional strain is well-known.  We performed 4 

experiments on 10 x 10 cm plates of 1.27-cm-thlck 1145 aluminum and 

14 experiments on similar specimens of Armco iron, using the testing 

facility shown in Figure 14 of Section III.C.  The dynamic fracture 

parameters for both materials under uniaxial strain had been determined 

in previous work.  Our goal was to count and measure the fracture damage 

in these specimens and chen eventually compare the results with the 

predictions of the evolving two-dimensional fracture model. 

Table D-I summarizes the results.  For the experiments on armor 

steel described in Section III.C, the projectiles were right cylinders 

1.03 cm in diamter by 2.03 cm long, made of drill rod and fitted into 

Lexan polycarbonate sabots. For the 1145 aluminum experiments, the 

projectiles were in the as-received spherodized condition at a hardness 

of Rockwell B95.  For the Armco iron experiments, the projectiles were 

heat treated to Rockwell C35. The projectiles were accelerated to 

different velocities to produce a range in the extent of fracture damage 

in the targets. 

Work on 1145 aluminum was discontinued after four experiments, since 

it became apparent that no voids or cracks could be produced under these 

conditions. The penetration mechanism for this soft aluminum alloy was 

one of pure plastic plugging, although spherical ductile voids were 

previously found to develop under uniaxial strain conditions. The 

photomicrograph in Figure D-l of a polished cross section taken through 

the partially penetrated Specimen No, 3 shows the intense plastic shear 

deformation. 
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MP-2024-2 

FIGURE   D-1      POLISHED  CROSS SECTION  OF   1145 ALUMINUM  PARTIALLY 
PENETRATED  BY  A   ROD-LIKE  PROJECTILE 
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fracture damage  did  accompany  projectile  penetration   in Armco 

iron at velocities of  about  liOO ft/sec and  above,   as could be readily 

observed on  the rear  surfaces,  Figure D-2.     Full   penetration did not 

occur  at  velocities  up  to  2130  ft/sec. 

Examination of  polished  sections with an optical microscope  showed 

that,   as in the uniaxlal  strain situation,   the damage was  in the form 

of planar tnlcrocracks,   as  shown in Figure D-3.    The cracks lay nominally 

in a  band about  2 mm from the  rear surface and  roughly parallel to  it. 

They coalesced most   strongly in the material directly In the path of 

the projectile,   and  at   sufficiently  high velocities  resulted  in rear 

surface spallatlon. 

To obtain the necessary experimental  information for eventual 

comparison with the  predictions of  the two-dimensional dynamic fracture 

model,   we assessed quantitatively the fracture damage  In  the specimens. 

The procedure entailed  counting and measuring the mlcrocrack traces on 

enlarged photomicrographs of polished  sections,   as  showr  in Figure D-4. 

A statistical  transformation may be applied  to these aata to obtain 

the actual crack size distributions per unit  volume.     The crack trace 

counting and measuring operation is facilitated by a  large area record 

reader,   and the statistical  transformation  is performed by a computer 

code.     The counting and measuring was carried out  for the above Armco 

iron specimens,   but  the  statistical  transformation  to volume distribution 

was not accomplished.     In any future work it  is recommended that this 

be done  to provide data for comparison with HEMP code predictions based 

on the fracture model  developed in this program. 
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1300 ft/sec 

1640 ft/sec 

1890 ft/sec 

2130 ft/sec 

MP-2024-3 

FIGURE D-2      BACK SURFACE  FRACTURE IN ARMCO  IRON SPECIMENS 
AT VARIOUS PROJECTILE VELOCITIES 
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2650   ft/sec 

2900  ft/sec 

3300   ft/sec 

MP-2024-3A 

FIGURE   D-2      BACK SURFACE FRACTURE  IN ARMCO IRON SPECIMENS 
AT VARIOUS PROJECTILE VELOCITIES (Concluded) 
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0.5 in.       1300 ft/sec 

1640 ft/sec 

1890 ft/sec 

MP-2024~4 

FIGURE D-3     POLISHED AND ETCHED CROSS SECTIONS OF ARMCO IRON 
SPECIMENS SHOWING FRACTURE DAMAGE INDUCED BY 
PROJECTILE IMPACT 
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FIGURE D-4     HIGH MAGNIFICATION VIEW OF MICROCRACK TRACES 
ON AN UNETCHED POLISHED SECTION THROUGH ARMCO 
IRON SPECIMEN NUMBER 15 
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Appendix  E 

IMPROVED  HOMOGENEOUS  STEEL ARMOR 

An  improved homogeneous  steel   (IHS)   armor can be made by  uni- 
16 

dlrectionally solidifying and  homogenizing steel  castings. This 

procedure results  in a cleaner steel,   free from large  inclusions and 

having a lower content of detrimental  impurity elements  such as  sulfur, 

oxygen,   and phosphorus.     In addition,   the procedure provides a preferred 

texture and a fine homogeneous dispersion of  included particles.     These 

microstructural features are thought  responsible for the excellent high 

strength ductility and superior ballistic  impact properties of  the 

material. 

The laboratory method  for making  IHS consists of  pouring  the steel 

under vacuum into a mold cavity on a thick copper chill block.     The 

feasibility of large-scale production by the commercial  electroslag 

remelt   (ESR)  technique is being actively  investigated by AMMRC,   and 

the  results are encouraging. 

Because of the attractive properties of the Improved armor steel 

and the promipe of the ESR process as a cost-effective manufacturing 

method,   some preliminary  investigations were carried out on  IHS in this 

program.    The microstructure was examined,  quaslstatic tensile properties 

in the short transverse  (through-the-plate-thickness) direction were 

determined,   the fracture surfaces were examined,   and the region near 

the hole produced by a ballistic round was examined. 

Material 

17 
The steel was manufactured by U.S.  Steel Corporation      by the 

unidirectional solidification technique in 18 x 13j x  18 inch molds on 

a thick copper chill block.    The steel had the following approximate 

chemical composition  (wt%):     0.52 C,   0.70 Mn,   0.25 SI,   1.20 Ni,   0.75 Cr, 

0.50 Mo,   0.025 Al,   < 0.003  P,   0.005  S,   and < 0,009 N. 
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Melting,  alloying,  and pouring were done under vacuum.     The vacuum 

melting was done in a 500-pound   induction furnace;   the pouring  tempera- 
o 

ture was maintained at about 2900 F.    Homogenization took place in a 

commercial high-temperature heat  treating furnace at a pressure of 
o 

1  micron and a temperature of  2400 F  for 64 hours.     After furnace cooling 
o 

to 1000 F and then air cooling,   the casting was cut  into four  slabs and 

hot  cross-rolled to half-inch plates.     The plates were then heat  treated 
o 

to about RC 60 by heating to 1500 F  for  1/2 hours,   oil quenching,   and 
o 

immediately tempering at  250 F  for  1 hour. 

Microstructural Observations 

Polished  and  etched  surfaces  in three mutually perpendicular planes 

of   a plate of undirectionally  solidified  and homogenized  steel were 

examined with the optical microscope.    Most notable were the fineness 

and homogeneity of the microstructure,   the absence of  large  inclusions, 

and the lack of banding.    Figure E-l shows micrographs of the  IHS armor 

and,   for comparison,   the XAR30 armor.    Note the coarser structure and 

the large inclusions in the XAR30 material. 

Tensile Property Measurements 

Tensile properties in the  short transverse direction  (through the 

plate thickness) were determined by spark machining small cylindrical 

blanks about 6.35 mm in diameter and 12.7 nun long from the armor plate, 

grinding the central sections of the blanks to about 3.18 mm to obtain 

a typical dumbbell  shaped specimen with a gage length of about 5.08 mm, 

and  then pulling the specimens in a tensile testing machine at  a constant 

crosshead speed of 0.5 mm/minute.     Triplicate specimens yielded extremely 

reproducible load displacment records,   shown in Figure E-2 which were 

analyzed to obtain the short transverse tensile properties given in 

Table E-I.      The curves from similar tests for conventional  rolled 

*  The results for similar specimens tested at a 100-fold faster testing 
speed  (50 mm/minute) were essentially identical and show the 1   ' strain 
rate sensitivity of the steels  in this range. 
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(a)  IMPHOVED HOMOGENEOUS STEEL 

(b)    XAR30 ARMOR STEEL 
MP-2024-29 

FIGURE E-1      COMPARISON OF CROSS SECTIONS 
OF IMPROVED HOMOGENEOUS 
STEEL ARMOR AND Gr XAH30 
ARMOR 
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0.2 

STRAIN — in/in 

0.4 

MA-314S83-17A 

FIGURE E-2      STRESS-STRAIN CURVES FROM SHORT TRANSVERSE TENSILE TESTS 
OF THREE ARMOR STEELS 

122 



o 
•H a 
v at 
u u 
3 < 

3 « 

feS 

*  a 
S P 

E s 

if 

v   to 

-H 

n  m  co  to 

^    T    (Ji   PJ        rH 
K r* w r>     r* 

o  m m 

C)      0)O r-t   c   r-   a      •-< 
N   N    iH   iH       N 

«     n     n   o 

« ■H 

-T 0) o N ■ ID *n 
l-l O 

to n 

O    ^        0)       CO 
v  to     m     «; 
N    C4        N        cH 

SO)    0) 
o o 

e 
B   CO 

^ N ro   •     ^ 
ill»      i 

d     N     M 

a T3 
C A 
0) « 

I 
•H n 
a in 

ts £ 

O   M 

O O    II   3 

« ft) ** 
(O i-t U 

c 
-H ■H ■H 5 

t^ ^-t T O o N l-l o w o « rt 8 »H r-) CM m UO in ■n 
M ^1 N r-« •H r-l N C) M W N a. 

123 



* 

homogeneous armor steels are Included for comparison.     These properties 

are of  particular Interest  since  the dynamic  loads In  this work are 

applied normal  to the plane of the plate.     The short  transverse properties 

for MIL-S-12560B armor steel  have been  shown  to differ  significantly 
8 

from  the properties  In perpendicular directions. 

Fractography 

The IHS armor tensile specimens fractured In a classical cup-cone 

manner after considerable necking;   the fracture appearance of the XAR30 
o 

and MIL-S-12560B specimens was of the 45     shear type,   as shown  In 

Figure E-3.     In the MIL-S-12560B steel  large cracks,   such as shown In 

Figure  E-3(c),   were often observed on  the  specimen sides.     Figure E-4   Is 

a high magnification scanning electron micrograph of the central  region 

of the cup-cone of a specimen of  improved homogeneous steel,   showing 

the fineness of the dimple structure.    The small spherical particles 

at the centers of the dimples were analyzed by nondispersive X-rays as 

aluminum,  and are thus thought to be aluminum oxide.    This fine uniform 

dispersion of these particles probably contributes to the excellent 

strength and ductility characteristics. 

A plate of  IHS armor that had been  tested balllstically at AMMRC 

was sent to SRI  for examination.     We sectioned the plate through the 

center of the hole made by the ballistic  round and polished this  surface 

for observation with an optical microscope.     Figure E-5(a)  shows the 

fracture damage that occurred during projectile penetration.     It  is 

Important to note that the cracks are rather randomly oriented and thus 

can Join up to Isolate fragments,   a process that had indeed occurred 

at a location Included in the figure.     Etching revealed dense networks 
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(a)   IMPROVED  HOMOGENEOUS STEEL  ARMOR 

lb)  XAR30 STEEL ARMOR 

IG)    MIL-S-12S60B STEEL ARMOR 
MP-2024-30 

FIGURE E-3      APPEARANCE OF FRACTURED ENDS OF SHORT TRANSVERSE TENSILE 
SPECIMENS OF THREE ARMOR STEELS 
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FIGURE  E-4      SCANNING ELECTRON MICROGRAPH OF 
CENTRAL REGION OF CUP-CONE FRACTURE 
SURFACE OF IMPROVED HOMOGENEOUS 
STEEL TENSILE SPECIMEN 
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PROJECTILE 
IMPACT 

DIRECTION 

I«)    POLISHED SECTION THROUGH 
PROJECTILE HOLE 

(b)    ETCHED CLOSE-UP VIEW OF («) 

MP-3034-6A 

FIGURE E-5      PLANAR MICROCRACKS AND ADIABATIC SHEAR ZONES 
NEAR THE PLUGGED REGION IN IMPROVED HOMOGENEOUS 
STEEL ARMOR 
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of adiabatic   shear bands.       Figure E-5(b)   is a closeup view of Figure 

E-5(a),   and  shows  that many of the cracks  lie within the shear bands. 

Figure E-5 demonstrates the important   role of adiabatic shear in the 

penetration  process for  IHS.    The probable time  sequence of events during 

penetration  is as  follows: 

(1) Under ballistic  impact,   a network of adiabatic  shear bands 

forms  in  the armor plate. 

(2) The narrow shear bands are preferred fracture sites,   and  planar 

mlcrocracks nucleate and grow within them. 

(3) The cracks join up with one another and  with the surfaces of 

the armor plate,   freeing the plug and a  number of fragments. 

Adiabatic shear bands are narrow regions of highly localized large 
plastic  shear strains.    The heating accompanying the shear deformation 
may Increase the temperature to where solid phase transformations or 
even melting occurs.     Very rapid quenching of this material follows 
because the large volume of adjacent material in intimate contact with 
the narrow band conducts the heat away at high rates.     In the present 
instance a transformation to austenite followed by  another rapid 
transformation to martenslte probably occurred.     The white etching 
response In 5% nltal  is consistent with the existence of martenslte. 
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Appendix F 

THE MICROMECHANISM OF DYNAMIC FRACTURE   IN ROLLED ARMOR  STEEL 

Observations of  polished cross  sections  of  shock damaged  specimens 

of ferrous materials  indicate two distinctive fracture morphologies. 

Rolled homogeneous XAR30 armor steel for example,   exhibits a  relatively 

small  number of  large parallel crack-like artifacts   (as shown earlier in 
3 

Figure 6),  whereas Armco iron    acquires many more microcracks,  whiuh are 

generally much  shorter,   more randomly oriented,   and   more slit-like,   as 

shown  in Figure F-l, 

The observerations  in Armco iron are attributable to cleavage-typr 

fracture of  individual grains.    The grains and hence the cleavage planes 

are nearly  randomly  oriented,  which explains  the observed  random micro- 

crack orientation  and  also the limited size  of the microcracks—the latter 

because large deviations  from crystallographic match-up between grains 

makes  it difficult   for a cleavage crack to form in  an adjacent grain. 

Thus most  microcracks   in Armco iron arrest at grain  boundaries. 

But whereas the fracture morphology  in Armco  iron is controlled by 

the presence of weak cleavage planes,  the morphology of rolled steels 

reflects the weak planes of the rolling direction.     Examination of  the 

large planar fractures  in XAR30 armor steel  at high  magnification  reveals 

that  each  large fracture comprises a large number of microfractures 

having a spherical  appearance.     It  appears that  the microfractures nucleate 

in a plane,  grow spherically,  and coalesce with one  another to result 

in the observed planar macrofractures. 

Full  spall  or the  formation of  a continuous macrofracture within a 

specimen occurs when adjacent planar fractures coalesce.     The micrograph 

in Figure F-2  shows two parallel but nonplanar fractures  in the process 

of coalescing.     A profusion of tiny microf ractures has formed In the 

path of  Incipient  coalescence under the  action of  high shear stresses. 

/ 
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FIGURE F-1      POLISHED CROSS SECTION IN SHOCK 
LOADED ARMCO IRON REVEALING 
INTERNAL CLEAVAGE CRACKS 
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as in the formation  of  the  planar fractures,   these mlcrofractures 

nucleate,   grow,   and  Join up until a continuous fracture connects the 

two planes. 

This process  Is  depicted  schematically in Figure F-3, 

The micrographs  of  shock loaded XAR30 armor steel  in Figure   F-4 

clearly show that  inclusions are involved  in  the nucleation of  fracture. 

This leads us to speculate that  the improved ballistic performance of 

unldirectionally solidified or electroslag remelted  steel  is connected 

with its lower inclusion content. 

The view in Figure F-4  is  slightly etched to  reveal  the grey sulfide 

inclusions but not the grain structure.    The inclusions,  whose elongated 

form and biased orientation result from the rolling process,  have 

fractured in a brittle manner.    As these cracks attempt to extend into 

the more ductile steel,   their morphology becomes more equiaxed.  Figure 

F-4{b)  is a more heavily etched area of the specimen,   showing a large 

planar fracture that  apparently originated at the broken inclusion, 

extended by coalescence of more ductile raicrofractures,   and finally 

coalesced with a parallel but nonplanar fracture by a similar process. 

The apparent nests of voids observable at high magnifications may 

not be caused by the same dislocation mechanisms responsible for void 

formation in aluminum,   copper,  and tantalum,  such as described by Stevens 
18,19 

et al. Rather,  as  implied from dynamic fracture work In Armco iron, 

the "voids" may nucleate as planar microcracks on cleavage planes, which 

upon reaching the grain boundalres,  arrest and begin to widen (Figure F-5> 

The result is a void-like microfracture,  which attained its morphology 

by extensive plastic flow at a planar crack front instead of by main- 

taining a pseudo-spherical morphology during its growth phase. 
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0 NUCLEATION OF ROWS OF  VOIDS. 

(2)       SPHERICAL EXPANSION OF THE VOIDS AND COALESCENCE OF THE ROW.    OTHER  ROWS 
OF  VOIDS ARE NUCLEATED ON EITHER  SIDE OF  MAIN DAMAGED  ZONE. 

CO CCC3 

COCO ccco 

Q)       JOINING  UP OF THE ROWS BY SHEAR CRACKS, WHICH ALSO FORM BY  NUCLEATION. GROWTH, 
AND COALESCENCE OF  MICROVOIDS. 

^       FURTHER WIDENING AND COALESCENCE, 

THE  FRACTURE DAMAGE OF  STAGE 2 APPEARS MACROSCOPICALLY TO BE PLANAR  MICROCRACKS 
FRACTURE MODE IN ACTUALITY IS A DUCTILE, ENERGY-ABSORBING MODE.    SEM WORK SHOWS 
NESTS OF VOIDS CONNECTED BY SHEAR CRACKS LYING AT STEEP ANGLES. 

MANY  INCLUSIONS.  MANY HAVE CRACKS PRODUCED  EITHER DURING ROLLING OR  DURING  IMPACT. 
TWO  MAIN TYPES:   

(a) GREY LENSES (STRINGERS), PROBABLY SULFIDE      —==*.      S 7 
(b) ORANGE SQUARES Q 

MA-2024-34 

FIGURE F-3      PROPOSED DYNAMIC FRACTURE PROCESS IN  ROLLED ARMOR  STEEL 
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(i)    POLISHED SPECIMEN, 1000X 

Sfj 

(b)    ETCHED SPECIMEN, SOOX 
MP-2024-35 

FIGURE F-4      POLISHED AND ETCHED CROSS SECTION 
OF SHOCK  LOADED XAR30 ARMOR STEEL 
SHOWING CRACKING AT INCLUSIONS 
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(a)    CRACK-FREE GRAIN BEFORE IMPACT lb)      PLANAR CLEAVAGE CRACK  IS 

PRODUCED DURING IMPACT AND 
ARRESTS AT GRAIN BOUNDARY 

(c)      ARRESTED CRACK BEGINS TO WIDEN (d!      WIDENING HAS OCCURRED TO SUCH 
AS THE MATERIAL AT THE CRACK TIP AN EXTENT THAT THE ORIGINAL 

UNDERGOES INTENSE PLASTIC DEFORMATION PLANAR FRACTURE APPEARS VOID-LIKE 

MP-2024-36 

FIGURE F-5     PROPOSED MECHANISM FOR VOID FORMATION IN ARMOR 
STEEL UNDER DYNAMIC LOADING 

135 



The suggested mechanism for void formation  In armor steel  Is 

nucleatlon In the  form of planar mlcrocracks,  arrest at grain boundaries, 

and displacement of crack faces.     In coarse grained material   such as 

Armco iron,   the planar crack morphology Is still apparent  even after 

significant widening,   as  shown  In Figure F-5.    However,   for steels in 

which the average grain diameter is about the same as the crack tip 

stret^^    the planar fractures of  the original microcrack are lost and 

the ...iC r^f racture appears  void-like. 

The dynamic fracture process  In rolled armor steel  is based on the 

proposed void formation mechanism and is thought  to occur in the manner 

Indicated in Figure F-3.     Large numbers of  inclusions fracture and/or 

voids nucleate on planes parallel   to the rolling plane.     These fractures 

become more equlaxed as they grow,   and coalesce to form large planar 

fractures.     Shear cracks form between parallel nonplanar macrocracks. 
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